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(S7) Abstract 

The invention 
provides an optical 
coupling switch and flat 
panel display including 
an array of such optical 
coupling switches. The 
optical coupling switch 
includes a light storage 
plate adapted to set up 
conditions for total internal 
reflection such that light 
injected into the plate is 
internally reflected. A light 
tap is disposed proximal 
to a coupling surface of 
the light storage plate 
for coupling internally 
reflected light out of the 
light storage plate and into 
the light tap when the light 
tap is brought into contact 
with the light storage plate 
coupling surface. The 

light tap is capable of movement in a direction perpendicular to the light storage plate in response to an applied electrostatic force. The 
optical coupling switch includes a scattering mechanism, such as a scattering surface or scattering medium, for scattering light in the 
light tap into a viewing volume. With this configuration, the optical coupling switch provides an elegantly uncomplicated geometry that 
accommodates a range of actuation schemes for efficiently producing high-speed optical switching. Also provided is an optical display in 
which an array of light taps are disposed proximal to a light storage plate coupling surface. Each light tap is adapted to move in response 
to an applied electrostatic force in a direction perpendicular to the coupling surface, and each light tap includes a scattering surface for 
scattering coupled light. A light source is disposed at an edge of the light storage plate for injecting light into the plate. Control circuitry 
is provided connected to the array of light taps for applying an electrostatic force to selected one or more of the light taps in the array. 
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MICROMECHANICAL OPTICAL SWITCH AND FLAT PANEL DISPLAY 

Government Rights in the Invention 

This invention was made with U.S. Government support under Contract Number 
F19628-90-C-002 awarded by the Air Force. The U.S. Government has certain rights in 
this invention. 

Field of the invention 

This invention relates to optical switching techniques, and more particularly 
relates to optical switching in large-scale optical systems such as optical displays. 

Background of the Invention 
Electronically controlled optical displays, and particularly flat, panel optical 
displays, which generally are distinguished by their relative slimness and ability to 
produce a direct, as opposed to a projected, display image are of increasing 
technological importance for a wide range of applications. Flat panel optical displays 
that produce directly viewable video images such as text and graphics are in theory 
ideally suited as television monitors, computer monitors, and other such display screen 
scenarios. Yet the many flat panel optical display approaches heretofore proposed and 
investigated all exhibit serious disadvantages that have limited their practical 
applicability as a commercially viable flat panel display screen technology. 

For example, the class of flat panel displays known as liquid crystal displays 
require complex manufacturing processes that currently produce relatively low yields, 
resulting in an overall size limitation for volume production. In operation, liquid crystal 
displays require considerable power to maintain a display backlight and these displays 
provide only a limited range of viewing angles. Electroluminescent display technology 
suffers from similar limitations, as well as a limited display color range and limited 
operational Iifecycle. 

Active-matrix display technology, which employs an active electronic device at 
each pixel location of a display, is likewise limited both by high power consumption, 
production yield constraints, and limited operational Iifecycle. Color gas plasma display 
technology, like liquid crystal technology, requires a complex manufacturing process to 
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produce an optical display; a gas plasma display relies on complicated packaging 
schemes for providing reliable containment of a noble gas. resulting in high 
manufacturing costs. 

Various electromechanical display technologies have been proposed which 
5 generally rely on electronic control in conjunction with manipulation of mechanical 
elements in a display. Typical mechanical display schemes have been limited by so 
many manufacturing complexities and/or operational constraints that they are as yet 
commercially impractical Furthermore, the speed, resolution, and power consumption 
requirements of the latest optical display applications have heretofore been unachievable 
10 by conventional electromechanical display technologies. But electronic as well as 

electromechanical display technologies have all required design and performance trade- 
offs resulting in one or more suboptimal manufacturing or operational considerations. 

Summary of the Invention 
The invention provides an optical coupling switch and optical display employing 
15 an array of optical coupling switches that overcome limitations of past optical switches 
and displays to achieve superior display switch speed, display efficiency, compact 
geometry, and ease of manufacture. The optical coupling switch of the invention 
includes a light storage plate that is adapted to set up conditions for total internal 
reflection such that light injected into the plate is internally reflected. A light tap is 
20 disposed proximal to a coupling surface of the light storage plate for coupling internally 
reflected light out of the light storage plate and into the light tap when the light tap is 
brought into contact with the light storage plate coupling surface. The light tap is 
capable of movement in a direction perpendicular to the light storage plate in response 
to an applied electrostatic force. The optical coupling switch also includes a scattering 
25 mechanism, such as a scattering surface or scattering medium, for scattering light in the 
light tap. With this configuration, the optical coupling switch provides an elegantly 
uncomplicated geometry that accommodates a range of actuation schemes for efficiently 
producing high-speed optical switching. 

The light coupled into the light tap is effectively scattered by the scattering 
30 mechanism such that a practical range of optical viewing angles is produced by the 
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optical coupling switch. In preferred embodiments, the scattering mechanism of the 
optical switch is a scattering surface, preferably on the light tap. and includes, e.g., 
surface asperities or a surface grating. In other preferred embodiments, the scattering 
mechanism is a scattering medium that is translucent, fluorescent, or luminescent. 

Preferably, the light storage plate includes at least one coupling mesa located on 
the coupling surface in correspondence with the light tap such that the light tap contacts 
at least one coupling mesa when brought into contact with the light storage plate. 
Alternatively, at least one coupling mesa is preferably located on the light tap and is in 
contact with the light storage plate when the light tap is brought into contact with the 
light storage plate. 

In preferred embodiments, the light tap is characterized by an internal 
mechanical restoring force, e.g.. a tensile or compressive force, that opposes applied 
electrostatic force. Preferably the light tap is mechanically biased either into or out of 
contact with the light storage plate by this mechanical restoring force, and is moved in 
the other direction, i.e., out of or into contact with the light storage plate, by an applied 
electrostatic force. Alternatively, the light tap is both biased and moved into and out of 
contact with the light storage plate by an applied electrostatic force. 

Preferably, the light tap of the optical coupling switch includes a textured 
Lambertian scattering surface that is reflective for reflecting coupled light back through 
the light storage plate to emerge into a viewing volume adjacent to the light storage 
plate. Alternatively, the scattering surface on the light tap is a forward scattering surface 
for scattering coupled light into a viewing volume adjacent to the light tap. In this case, 
a viewing plate is preferably disposed adjacent to the light tap. The viewing plate can 
also include a scattering surface for scattering light that emerges through the viewing 
plate into a viewing volume adjacent to the viewing plate. A light source is preferably 
located at an edge of the light storage plate. 

The light tap is preferably anchored to the viewing plate by at least one support 
located at a point on the tap that permits flexing of the tap. and the viewing plate is 
preferably secured to the light storage plate. Preferably, the light tap includes 
protrusions on a surface facing the light storage plate. These protrusions permit 
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coupling of light into the light tap but suppress contact forces between the light tap and 
the light storage plate. 

In preferred embodiments, two or more of the light tap. viewing plate, and light 
storage plate include a conducting electrode disposed in correspondence with each other 
for generating an electrostatic force. Alternatively, the light tap includes a conducting 
electrode and the viewing plate or light storage plate include an electret for generating 
an electrostatic force. 

Preferably, the light storage plate is formed of a glassy material such as quartz, 
or is formed of plastic. The light tap is preferably formed of a microelectronic material 
such as plastic or silicon nitride, and the viewing plate is preferably formed of plastic or 
a glass material, such as quartz. 

In another aspect, the invention provides an optical display in which an array of 
light taps are disposed proximal to a light storage plate coupling surface. Each light tap 
is adapted to move in response to an applied electrostatic force in a direction 
perpendicular to the coupling surface, and each light tap includes a scattering surface for 
scattering coupled light. A light source *is disposed at an edge of the light storage plate 
for injecting light into the plate. Control circuitry is provided connected to the array of 
light taps for applying an electrostatic force to selected one or more of the light taps in 
the array. 

In preferred embodiments, a viewing plate is disposed adjacent to the light tap 
array, and the viewing plate includes an array of electrodes disposed on the viewing 
plate in correspondence with electrodes on the taps in the light tap array for producing 
an electrostatic force. Preferably, the control circuitry includes line and column 
electrode drive circuits and a controller for applying an electrostatic force between 
selected one or more of light tap and viewing plate electrodes in the array. 

Preferably, the light source is configured adjacent to an edge of the light storage 
plate such that light injected into the light storage plate undergoes total internal 
reflection. A second light source can be disposed at an edge of the light storage plate 
and a second light source can be disposed on the back surface of the light storage plate. 
Preferably, the light source produces at least two different colors of light. 
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In yet other preferred embodiments, the array of light taps forms an array of 
pixels, each pixel designated by a set of n light taps corresponding to a number n of 
pixel bits. Each of the n light taps in the given pixel is controlled by the control 
circuitry to together produce for a given pixel one of a number of 2 n of possible optical 
intensities. Preferably, each of the n light taps in a given pixel is adapted to make 
contact with a contact area of the light storage plate having one of a number n of 
possible contact area sizes for a given pixel. Alternatively, the number n of pixel bits 
for a given pixel is the product of a temporal weight / equal to a number of possible 
durations during which light is injected into the light storage plate and an area weight h> 
equal to a number of possible contact area sizes in a given pixel. 

Preferably, the light tap array is formed of a plastic layer disposed proximal to 
the light storage plate, which in this case is also preferably plastic and is characterized 
by a refractive index such that light injected into the plate is internally reflected. The 
viewing plate is then also preferably plastic. The light taps are here formed of an array 
of conducting column electrodes disposed on the plastic sheet; preferably, an array of 
slots border the column electrodes. The plastic viewing plate includes an array of 
conducting line electrodes located in correspondence with the column electrodes on the 
plastic sheet for producing an electrostatic force. Preferably, the plastic light storage 
plate includes spacer protrusions for holding the plastic sheet separated from the light 
storage plate and similarly, the plastic viewing plate includes support protrusions for 
holding the plastic sheet separated from the viewing plate. 

The optical coupling switch configuration of the invention can be employed in a 
wide range of display architectures, as well as other optical switch-based applications. 
Television displays, table top computer displays and other computer displays, monitor 
displays, kiosks, equipment monitors, and the like all achieve superior design and 
performance with the invention due to the flat, compact configuration of the display and 
the low power dissipation achieved by the actuation and control schemes. 

Aside from display applications, the optical coupling switch configuration of the 
invention can also be used, for example, in applications such as optical relay or circuit 
breaker systems, two-dimensional digital optical computing, and other such optical 
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switch applications. For example, the mechanical tap configuration can be employed to 
selectively radiate energy from an array of waveguides, whereby a single pole-multiple 
throw optical switch is produced. Optical multiplexing and opto-isolation schemes are 
accordingly enabled by the invention. Other features and advantages of the invention 
will be apparent from a description of a preferred embodiment, and from the claims. 

Brief Description of the Drawings 

Figure 1 is a perspective view of an example flat panel display in accordance 
with the invention; 

Figure 2 is a schematic diagram showing an edge of the flat panel display of 
Figure 1 and a possible path of light injected into the display: 

Figure 3A and Figure 3B are schematic side views of an example optical switch 
in accordance with the invention; 

Figure 3C is a schematic side view of a second example optical switch in 
accordance with the invention; 

Figures 4A-4B are schematic side views of a third example optical switch in 
accordance with the invention; 

Figures 4C-4D are schematic side views of a fourth example optical switch in 
accordance with the invention; 

Figure 4E is a schematic side view of a fifth example optical switch in 
accordance with the invention: 

Figure 5 is a schematic side view of a sixth example optical switch in accordance 

with the invention; 

Figure 6A is a schematic side view of a mechanical tap employed in the optical 
switches of Figures 4A-4E and Figure 5 and having a Lambertian scattering surface in 
accordance with the invention; 

Figure 6B is a schematic side view of a mechanical tap employed in the optical 
switches of Figures 4A-4E and Figure 5 and having a color surface in accordance with 
the invention; 
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Figure 7 is a plot of optical mechanical switch position as a function of applied 
potential difference for a mechanical tap control scheme in accordance with the 
invention; 

Figure 8A is a schematic back-side view of a flat panel display in accordance 
with the invention; 

Figure 8B is a schematic cross sectional view of the flat panel display of Figure 
8 A taken through the line 8B-8B\ 

Figure 8C is a schematic back-side view of the flat panel display of Figure 8A 
with the light storage plate of the display removed; 

Figure 9 is a schematic plot of the switch state of optical mechanical switches in 
an array of such switches controlled by an example set of voltages in accordance with 
the control scheme plotted in Figure 7; 

Figure 1 OA is a plot of colors displayed in an example sequence of color time 
slots in a display frame in accordance with the invention; 

Figure 1 OB is a plot of an example optical switch actuation and color flash 
timing sequence for producing the color sequence of Figure 10A; 

Figure IOC is a schematic temporal and spatial plot of an example display line 
electrode actuation sequence for producing the timing sequence of Figure 10B; 

Figure 1 1 is a schematic view of an example flat panel display pixel including 
eight optical mechanical switches in accordance with the invention; 

Figure 12A is a schematic view of a line electrode driver circuit in accordance 
with the invention; 

Figure 12B is a schematic view of a column electrode driver circuit in 
accordance with the invention; 

Figure 12C is a schematic view of a single-pole, double-through switch in 
accordance with the invention for use in the line and column electrode driver circuits of 
Figures 12Aand 12B; 

Figure 13 A is a schematic side view of an optical prism wedge configured with a 
light storage plate in accordance with the invention for injecting light into the light 
storage plate: 
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Figures 13B and 13C are schematic diagrams illustrating geometric 
considerations for positioning a flash lamp line source in relation to a parabolic reflector 
for producing an optical source in accordance with the invention; 

Figure 14 is a schematic view of an example color optical source and its 
5 configuration with an edge of a light storage plate in accordance with the invention; 

Figure 15 is a schematic view of an example optical source and its configuration 
with the back surface of a light storage plate in accordance with the invention; 

Figure 16 is a schematic view of an array of the example optical sources of 
Figures 1 4 and 1 5 configured with a light storage plate in accordance with the invention. 
10 Figures 17A-17K are schematic side views illustrating fabrication steps for a 

first flat panel display manufacturing process in accordance with the invention; 

Figures 18A-18G are schematic views illustrating fabrication steps for a second 
flat panel display manufacturing process in accordance with the invention; and 

Figure 19 is a schematic side view of a seventh example optical switch in 
15 accordance with the invention. 

Description of a Preferred Embodiment 
As shown schematically in Figure 1, a flat panel display 10 provided by the 
invention operates to controllably release light stored in a transparent light storage plate 
12 for producing a localized viewable pattern of light on the display. Light is provided 
20 to the storage plate 12 by a light source 14, which injects light 16 into the storage plate. 
This injected light is shown only schematically at the edge of the storage plate in Fig. 1 . 
The injected light remains substantially trapped in the storage plate due to a prespecified 
condition of total internal reflection. However, the display includes mechanical light 
taps, (not shown) corresponding to a matrix of locations along the storage plate, that 
25 provide the ability to overcome the total internal reflection condition at the light tap 
locations such that light is released from the storage plate toward a viewer at distinct 
locations, e.g., the location identified as 18 in Fig. 1 . This controlled release of light 
enables the production of a viewable image across the storage plate. The features and 
operation of the light storage plate, the mechanical light taps, and the other elements of 
30 the flat panel display will be explained in turn below. 
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The light storage plate 12, shown on-edge in Fig. 2. communicates with the light 
source 14, which may include multiple sources 14a. 14b. located at one or more edges of 
the plate, such that light, preferably collimated. is injected into the plate. Collimators 
20a, 20b, or other suitable schemes can be employed to achieve a desired collimation. 
Details of specific light source configurations will be described later in the discussion. 
Once injected in the storage plate, light 1 6 impinges on surfaces of the plate, bouncing 
from one surface to the other parallel surface. At each such bounce, the light impinges 
the corresponding surface at an angle of internal incidence. ft, as measured with respect 
to the perpendicular 22. At the point of the bounce, a component of the light bounces 
back toward the other surface at an angle of reflection. -ft. and a component of the light 
emerges out of the plate from the bounce surface at an angle of emergence. ft,. 

For a given internal incidence angle, ft. Snell's law prescribes both the angle of 
reflection. -ft. and the angle of emergence. ft,, as measured with respect to the 
perpendicular 22 of a storage plate surface, as shown in Fig. 2, as: 

n,sinft = /7 e sin# e , (1) 
where is the index of refraction internal to the storage plate and n e is the index of 
refraction external to the storage plate. A configuration of the light injected into a 
storage plate such that the value of ft in Snell's law results in a minimum value for ft. of 
90° prescribes that no light emerges from the storage plate, but rather, is substantially 
entirely reflected back at the reflection angle -ft to the opposite surface: this condition is 
known as total internal reflection. The minimum incident internal critical angle, ft = ft., 
that enables this condition is in turn defined by Snell's law as: 

sin& c = n e /n,. (2) 
One example storage plate in accordance with the invention is made of quartz; in 
this case the internal index of refraction. n t , is that of the quartz, namely, about 1.47. 
Given that the flat panel display is typically operated in accordance with the invention in 
air, the external index of refraction. n ej is about 1 .00. and correspondence (2) above sets 
ft. equal to about 42.9°. Any internal incidence angle, ft, larger than about 42.9° results 
in an imaginary value for the ancle of emergence, ft., whereby the light undergoes total 
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internal reflection within the quartz plate; stated another way. under this condition light 
emerging externally to the plate could not propagate, and instead would decay 
exponentially in the distance normal to the plate. Thus, light injected into the quartz 
storage plate at angles greater than about 42.9° does not emerge from the plate each time 
5 it strikes an internal surface of the plate and instead bounces back off internal plate 
surfaces. As a result, the light cannot effectively be seen by a viewer even though the 
plate is transparent. 

Based on this discussion of total internal reflection, the storage plate 12 of the 
flat panel display is generally specified as a transparent material having a high index of 

10 refraction relative to air and a suitable absorption loss for a given application. Examples 
of suitable materials other than quartz include other types of clear glasses, plastics, e.g.. 
Plexiglass™, polystyrene, and like materials. The thickness of the storage plate is 
preferably selected based on considerations for a given application; the thickness of the 
plate, as well as the lateral plate dimensions, determines the number of internal 

15 reflection bounces that occur for a light beam as it traverses the extent of the plate. A 
thickness of. e.g., between about 1mm and 10 mm is suitable for many applications, but 
the thickness can be larger or smaller than this range. Specific storage plate 
manufacturing considerations will be addressed in detail later in the discussion. 

Light is said to be "stored" in the light storage plate 12 as a result of alignment 

20 of components in the light source 14 with the storage plate such that light is injected at 
an angle sufficient for total internal reflection of the light in the plate. This stored light 
is controllably released, or tapped, in accordance with the invention, at distinct locations 
of the storage plate by bringing one or more mechanical light tap elements 24. an 
example of which is shown in cross section in Figs. 3A-3B. in contact with the storage 

25 plate. The region in which light is released by a light tap element 24 is defined by a 

light storage plate contact area. i.e.. the area of the storage plate that is contacted when a 
tap element is brought into contact with the plate. In one example, such a contact area 
consists of a mesa 26 on one of the surfaces of the storage plate 12. 

The mechanical tap is preferably formed of. e.g.. a suspended beam 28 

30 transparent to the optical wavelengths of interest and having a smooth front surface 30 
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adjacent the mesa and a reflective back-scatter surface 32 on a side opposite the mesa. 
The mechanical tap is preferably of a high index of refraction relative to the index of 
refraction of air. and most preferably is of an index of refraction equal to or greater than 
that of the light storage plate. 

When the mechanical tap is held separated from a storage plate mesa. light 16 in 
the storage plate remains trapped in the storage plate due to total internal reflection. 
Movement of the mechanical tap into close contact with the top surface 34 of a 
corresponding storage plate mesa results in relative matching of the internal index of 
refraction of the storage plate and the index of refraction external to the storage plate at 
the location of the storage plate contact area, for example, the mesa top surface, 
compared to other surface locations of the storage plate: this condition negates the state 
of total internal reflection at the location of the contact area and results in escape of light 
from the storage plate 12 into the suspended beam, or mechanical light tap 28. as shown 
in Fig. 3B. 

Light escaping into the mechanical tap propagates through the thickness of the 
tap and impinges on the reflective back-scatter surface 32 of the tap. where the light is 
reflected back through the tap toward the light storage plate and into the storage plate. 
The surface irregularities of the back-scatter surface 32 preferably are of a geometry 
such that light re-entering the light storage plate 12 is angled, once in the plate, at an 
angle less than the critical angle. £? r . defined by SnelTs law for the given storage plate 
material. With this geometry, the re-entering light 35 impinges the front surface 36 of 
the storage plate 12 at an angle insufficient to support total internal reflection of the 
light, whereby the light 35 emerges from the front surface 36 of the storage plate and 
can be seen by a viewer. 

As explained in detail below, this localized light release scheme provides a high- 
speed display configuration that is highly efficient and that provides for superior 
contrast, brightness, resolution, and dynamic range. A flat panel display enabling such a 
scheme, in accordance with the invention, is compact, durable, easily manufactured, and 
of reasonable materials and manufacturing costs. These advantages will be highlighted 
in the relevant discussion to follow. 
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In an alternative light release scheme, shown in Fig. 3C. the mechanical light tap 
is embodied as a transparent suspended beam 28 having a transparent back surface 32 of 
a geometry that results in forward-scattering, rather than back-scattering, of light 
impinging the surface. In this case, light 16 that escapes from a mesa 26 in the light 
5 storage plate into a light tap 28 in close contact with the mesa propagates through the 
thickness of the light tap and out the back surface 32 of the tap 28. The surface 
irregularities of the back surface 32 are preferably of a geometry such that light emerges 
from that surface and is scattered in a reasonable angle of viewable emergent light. 

Considering now the magnitude of movement required of a mechanical light tap 
10 to effect a distinct "on'* and "'off ' of display light emerging from the light storage plate, 
the phenomenon of evanescent light coupling must be evaluated for the mechanical tap 
geometry. The evanescent light amplitude. of light coupled out of a free surface of a 
transparent medium containing total-internally-reflected light into an external medium, 
e.g., air. in which an element of similar refractive index to that of the light source is 
15 positioned, is given approximately as; 

E e = Ep" 1 , (3) 
where E { is the incident light level at the free surface, r is the perpendicular distance, in 
the air. away from the free surface, defined in Fig. 2, and a is an expression given as: 

a = (2nfX,) [sin 2 ft -(« P /«,) 2 ] l/2 . (4) 
20 where 0„ /?<,. and n, are given as in Fig. 2 and a, is the wavelength of light internal to the 
transparent medium. These expressions indicate that evanescent light coupling decays 
exponentially at a rate defined by or, the expressions ignore the effects of polarization 
and ignore the effects of the adjacent mechanical tap surface proximity. 

For the example described above in which the light storage plate is formed of 
25 quartz and the display is operated in air, n e = 1 .00 and n, = 1 .47. Given an internal 

incident light angle of 50° (which accommodates total internal reflection in the quartz 
plate) and a midband wavelength of light in the plate of. e.g.. about 0.55 urn. expression 

(4) above for a provides a value of a = 5.91 /jam. This a value, when used in 
expression (3) above, indicates that the evanescent light amplitude. E e , is reduced to 
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about 30 dB below the incident light amplitude. E t , at a distance of about 0.58 \im from 
the surface of the storage plate. In other words, midband evanescent light coupled from 
the light storage plate into a mechanical light tap located about 0.58 jam from the surface 
of the storage plate would be reduced by at least about 30 dB below the amplitude of 
light in the light storage plate. 

Accordingly, a reasonable amplitude ratio for the "off* and "on"* states of the 
mechanical light tap is preferably achieved when the mechanical light tap is controlled 
to be held in the "'off state at the minimum distance sufficient to decouple light below 
the background light level; in one example, an "off distance of at least about 0.6 ^im is 
suitable. Any "off distance greater than the minimum required can result in 
undesirable effects such as increased actuation force required or decrease in switching 
speed. As will be understood by those skilled in the an. there are yet other 
considerations effecting this configuration. For example, the refractive index of the 
storage plate and the ambient medium in which the mechanical tap is located impacts 
the degree of evanescent coupling; a medium of higher refractive index than air, e.g.. 
results in a slower decay of coupling with distance and a correspondingly greater 
required distance for the "off" state. The "off state position of the mechanical tap is 
thus selected for a given application based on the characteristics of the tap and storage 
plate materials as well as characteristics of the surrounding medium. The "off state 
position is also selected based on the wavelength of light to be displayed. An on/off 
coupling contrast of about 32 dB would typically be acceptable for green wavelengths 
and this gap results in about a 25 dB contrast in the extreme red portion (700 nm) of the 
visible spectrum. 

Mechanical light taps for the flat panel display of the invention are preferably 
formed of electronic materials, plastics, or other suitable materials that enable the taps to 
be actuated by electrostatic force or optionally by a combination of electrostatic and 
mechanical restoring forces. Other suitable actuation schemes are accommodated by the 
mechanical light tap design and are additionally contemplated by the invention, 
however. Specific fabrication examples for various actuation schemes will be described 
below. 
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Actuation of the flat panel display light taps will be discussed with reference to 
the forward-scatter scheme like that of Fig. 3C: for many applications this scheme is 
preferable over a back-scatter scheme in which light emerges through the light storage 
plate. This can be due, in part, to, e.g., the fact that reflective scattering mechanisms are 
typically more lossy than forward scattering mechanisms. In addition, the light stored in 
the light storage plate of the invention is exceedingly intense: in a reflection scatter 
display scheme, any point defects inside the plate could scatter light toward the viewer 
and overwhelm the image being produced by the reflection scatter mechanism. In a 
forward-scatter display scheme, however, the light storage plate can be covered with a 
black absorbing material in areas except at the location of the contact points, to suppress 
any such scatter noise. 

Referring to Fig. 4A there is shown an example mechanical tap 24. in 
accordance with the invention, in which a combination of electrostatic force and 
mechanical restoring force is employed to move the tap into and out of contact with the 
light storage plate 12. In an effort to distinguish the various tap components, the figure 
is not shown to scale. In this first example design, the flat panel display is assembled 
such that each tap in the display is normally '"on." i.e.. each tap is normally contacting a 
corresponding mesa on the light storage plate. 

As shown in the figure, the mechanical tap is embodied as a beam 28. and for 
dual electrostatic/mechanical actuation schemes, the beam is preferably formed of a 
material characterized by an internal stress, such as a compressive or tensile stress. 
Silicon (Si), silicon dioxide (Si0 2 ) or other oxides, silicon nitride (Si (x . n N x ), plastics, 
polymers, foils, or other suitable materials can be employed as the mechanical tap beam. 
The beam material is preferably characterized by a refractive index equal to or greater 
than that of the light storage plate 1 2 and is characterized by a reasonable level of 
transparency over a propagating distance of tens of microns for wavelengths of interest. 
As mentioned previously, the tap surface 32 on a side of the tap opposite the top surface 
34 of the storage plate mesa 26 preferably exhibits a geometry for forward-scattering 
light that impinges that surface 34. 
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Based on a consideration of an "off 1 state tap distance from the light storage 
plate in the range of between about 0.5 jam and 1.0 ^im. example geometric ranges will 
be discussed for the tap configuration. It must be realized, however, that these are 
provided as example only and that other tap geometries are contemplated by the 
invention. In this example case, the tensile tap beam 28. of about 0. 1 to 1 |im in 
thickness, is fixed to a transparent viewing substrate 38 opposite the light storage plate 
by supports 40. formed of, e.g., silicon dioxide or other material, which is preferably an 
insulating material. The supports can additionally be coated with a protective material, 
preferably insulating, such as silicon nitride (not shown) for fabrication flexibility, as 
discussed below. 

The viewing substrate, in addition to enabling a customizable display viewing 
surface, also protects the tap 28 from the ambient environment. The viewing substrate 
can be formed of, e.g., plastics, quartz, or other clear glass, or other suitable material. 
Preferably, the viewing substrate robustly withstands fabrication environments, exhibits 
a degree of thermal expansion comparable to that of the storage plate, and exhibits good 
transparency for a propagation distance of at least about 1 cm. For example, quartz is a 
suitable viewing substrate material for silicon nitride tap beams and plastic is a suitable 
viewing substrate material for plastic tap beams. The lower surface of the viewing 
substrate 38 is coated with a dark optical-absorbing layer 42 that suppresses back- 
reflection of light from the viewing volume, as well as stray light within the viewing 
substrate, from the storage plate, and from the micromechanical tap elements, by 
absorbing that light. A window 43 in the optical absorbing layer 42 is aligned with the 
lateral position of the light emitting surface 32 of the mechanical tap beam 28. 

The optica] absorbing layer 42 consists of. e.g.. a conducting metal layer or a 
metal coating, such as a titanium/platinum layer of about 0.3 nm in thickness. 
Alternatively, an optical coating such as CrO can be employed. In the case of a metal 
absorption layer, the layer can be patterned to form line electrodes for actuating the 
mechanical tap in accordance with an actuation control scheme described below. In the 
case of a non-conducting absorption layer 40. line electrodes 44 are located on the lower 
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side of the absorption layer. Like the absorption layer, such electrodes consist of, e.g., 
about a 0,3 jam-thick titanium/platinum layer, or other suitable conducting material. 

One or more viewing substrate stand-offs 46 are preferably located on the lower 
side of the line electrodes 44 to space the tap beam 28 from the electrodes when the 
5 beam flexes toward the electrodes, as explained below. The viewing substrate stand- 
offs 46 are formed of, e.g.. silicon dioxide, silicon nitride, a plastic, a polymer, a glass. 
metaL or other suitable material, and preferably are of a thickness in the range of 
hundreds of angstroms. Even with such small height, the stand-offs act to suppress 
contact forces such as Van der Waals "suction" forces that could develop between the 

10 relatively smooth upper tap beam surface outside of the scatter region and the line 
electrodes 44 if the two surfaces were intimately contacted. The viewing substrate 
stand-offs prevent extended intimate contact of the surfaces to thereby reduce the 
likelihood that strong ''suction" forces develop. 

Column electrodes 47 are provided on the tap beam 28 on a side opposite that of 

15 the viewing substrate stand offs 46 and line electrodes 44. The column electrodes are 
also suitably formed of, e.g., about a 0.3 ^m-thick titanium/platinum layer, or other 
suitable conducting material. 

In the normally i4 on" light tap configuration as illustrated, the light storage plate 
12 includes spacers 48, formed of. e.g.. silicon dioxide or other material such as those 

20 given above for the stand-offs, that preferably are of a thickness less than the height of 
the storage plate mesa 26. For example, for a storage plate mesa of about 1 0 urn in 
height, spacers 48 are suitably no more than about 8 jim in height. Preferably, the 
underside 50 of the spacers 48 are coated with a reflective layer so that light impinging 
an internal surface of the storage plate 12 at the location of the spacers is reflected back 

25 into the storage plate; for some spacer materials the condition of total internal reflection 
may not be met at the storage plate-spacer interface. A coating of. e.g.. silver, of about 
100 nm in thickness is suitable as such a reflecting layer. The sidewalls 52 of the 
storage plate mesa are also preferably coated with a reflective layer. Here the reflective 
layers are employed to ensure that light escapes only through the top surface 34 of the 

30 mesa; such light is scattered by the upper surface 32 of the beam within a range of 
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angles that results in a reasonable viewing volume relatively perpendicular to the 
viewing substrate 38. 

The display is assembled in the normally "on ? * condition by pressing the light 
storage plate 12 together with the viewing substrate 38: details of this procedure are 
discussed below. Intimate contact of the storage plate with the tap beam causes the tap 
beam 28. which is preferably tensile, to bend and make positive contact with the top 
surface 34 of the mesa 26 because the mesa is of a higher topology than the storage plate 
spacers 48. When light 1 6 is injected in the storage plate 12. it can escape conditions of 
total internal reflection at the location of the mesa 26. where the light is coupled into the 
contacted tap beam 28 and propagates through it. Upon reaching the back surface 32 of 
the tap the light is forward -scattered in the direction of the viewing substrate. The 
scattered light then couples with the viewing substrate 38. though which it propagates 
and emerges into a viewing volume. 

Referring now also to Fig. 4B. this "on" state is negated by way of electrostatic 
actuation. Application of an appropriate potential difference between the line electrodes 
44 and the column electrodes 47 induces attractive electric charge configurations (not 
shown) on the electrodes, resulting in positive attraction of the flexible tap beam 28 and 
column electrodes 47 to the fixed viewing substrate and line electrodes 44. This 
positive attraction affects a flexing upward of the tap beam, whereby the tap beam 
moves into contact with the viewing substrate stand-offs 46. 

In this arrangement, a gap, G. is introduced between the lower surface 32 of the 
tap beam 28 and the upper surface 34 of storage plate mesa 26. The gap is preferably of 
at least, e.g., between about 0.5 ]iin and 1.0 \xm such that light in the storage plate is 
negligibly evanescently coupled into the tap beam 28. As explained in detail below, 
once the tap beam 28 moves into contact with the stand-offs 46 on the viewing 
substrate, the voltage required between the line and column electrodes to maintain this 
tap beam position is less than that required to actuate the tap beam: this is due to the fact 
that the electrostatic force between the electrodes increases greatly as the gap between 
the electrodes is reduced. 
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Actuation of the tap beam 28 to again ~tum on" the tap is achieved by way of the 
mechanical restoring force inherent in the tensile state of the beam. Removal of the 
attractive potential condition between the column and line electrodes allows the tap 
beam to "snap'* back to its resting position in contact with the top surface 34 of the 
5 storage plate mesa 26. Having moved back into contact with the mesa, the tap beam 

again couples light out of the storage plate and through the viewing substrate 38 into the 
viewing volume. This combination electrostatic-mechanical actuation scheme provides 
a bistable switch response that facilitates column and line control of a matrix of 
mechanical taps, as explained below. 

10 Illustrated in Fig. 4B are tap beam stand-offs 54. formed of. e.g.. the tap beam 

material, that hold the lower surface 36 of the tap beam 28 very slightly out of intimate 
contact with the top surface 34 of the mesa 26 when the tap beam moves to close the 
gap between the tap beam and the mesa. The stand-offs are preferably of a very small 
height, e.g., about 200A. Even with such small height, the stand-offs act to suppress 

15 contact forces such as Van der Waals "stiction" forces that could develop between the 
relatively smooth lower tap beam surface 36 and upper mesa surface 34 if the two 
surfaces were intimately contacted across their entire extent. A matrix of tap beam 
stand-offs distributed across the lower tap beam surface prevents extended intimate 
contact of the surfaces to thereby reduce the likelihood that strong "*stiction ,? forces 

20 develop. The stand-offs are preferably of such a small height, however, that they do not 
substantially impact the efficiency of light coupling between the mesa top surface and 
the tap beam lower surface when the two surfaces are brought together. Thus, the tap 
beam is said to be "in contact" with the light storage plate when it is in a position that 
enables coupling of light out of the light storage plate even though the beam and light 

25 storage plate may be slightly separated by the stand-offs. 

Referring now to Figs. 4C-4D. a second example mechanical light tap actuation 
scheme provides a normally "ofT light tap configuration. Here, the light storage plate 
mesa 26 is of a height less than that of spacers 48 on the light storage plate 12. Adjacent 
to the spacers 48 are line electrodes 56. Corresponding column electrodes 58 are 

30 located on the upper surface of the mechanical tap beam 28. The mechanical tap beam, 



JNSDOCID: <WO. 



9731288A2J_> 



it 



WO 97/31288 PCT/US97/00369 

19 

spacers, and electrodes can here be formed of the same materials described above in 
connection with the normally "on" light tap configuration. 

In the normally "off" configuration, the tensile nature of the mechanical tap 
beam maintains the beam spaced apart from the upper surface 36 of the storage plate 
5 mesa 26 due to the increased height of the spacers 48 above the mesa. A gap, G. of 
about, e.g., 0.7 jxm between the tap beam and the top surface 36 of the mesa disallows 
coupling of light from the storage plate to the tap beam and upper viewing substrate 38. 
whereby negligible storage plate light is viewed in the vicinity of the mesa. 

Application of an appropriate potential difference between the line electrodes 56 
10 and the column electrodes 58 induces attractive electric charge configurations (not 

shown) on the electrodes, resulting in positive attraction of the flexible tap beam 28 to 
the light storage plate and line electrodes 56. This positive attraction affects a flexing 
downward of the tap beam, whereby the tap beam moves into contact with the top 
surface 36 of the storage plate mesa 26. 
15 As shown in Fig. 4D. this contact "turns on" the mechanical light tap, whereby 

light is coupled out of the light storage plate mesa through the contacting mechanical tap 
beam, and from there through the viewing substrate 38 into a viewing volume from a 
point corresponding laterally to the location of the mesa. Upon removal of the attractive 
electrode potentials, the tensile mechanical tap beam snaps upward to return to us 
20 normal resting position in which a gap, G, separates the tap beam from the top surface 
of the light storage plate mesa. Hence, in contrast to the normally "on r * configuration, 
the display element here requires application of a potential to initiate viewing of light. 

In yet another example of a mechanical light tap configuration, as shown in Fig. 
4E, the height of the light storage plate mesa 26 is here less than that of spacers 48 
25 separating the mechanical tap beam and the light storage plate 12. Electrodes 60, 62 r 64 
are provided on the viewing substrate 38, upper surface of the tap beam 28. and the light 
storage plate 12. respectively, for actuating the tap beam in a tri-electrode scenario. In 
this case the light tap is maintained out of contact with the light storage plate at an 
intermediate point, e.g.. half-way. between the light storage plate mesa and the viewing 
30 substrate, when the potential difference between the mechanical tap beam and the light 
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storage plate is about the same as the potential difference between the mechanical tap 
beam and the viewing substrate. 

Application of an appropriate voltage between the tap beam electrodes 62 and 
the light storage plate electrodes 64 results in deflection of the tap beam toward the 
5 upper surface of the mesa 26 and contact of that surface, whereby light is coupled out of 
the light storage plate and into a viewing volume of the viewing substrate 38. A 
combination of mechanical and electrostatic forces can then be employed to draw the 
tap beam upward and out of contact with the mesa by way of application of an 
appropriate voltage between the viewing substrate electrodes 60 and the tap beam 
10 electrodes 62. In this three-electrode configuration, electrostatic force alone can be 
employed for actuating the mechanical tap beam: that is. a mechanical restoring force 
provided by, e.g.. a tensile internal stress condition of the tap beam is not needed. 
Instead, electrostatic attractive force alone can be employed for moving the tap beam in 
either direction. 

15 Many variations of the mechanical tap beam actuation schemes described above 

are contemplated by the invention. For example, as shown in Fig. 5. an electret 
configuration can be employed for producing electrostatic actuation. Here a layer of 
excess charge 66 is embedded in the upper surface of the light storage plate. As 
explained in detail below, such a charge layer can be produced by. e.g.. ion-impiamation 

20 of a light storage plate material such as a transparent form of teflon or an oxide such as 
silicon dioxide. In. e.g., a normally "on ? * geometry, the embedded electret produces 
corresponding attractive image charge in the tap beam electrode 47. resulting in a 
constant electrostatic downward force on the tap beam, holding the beam in contact with 
the top surface 34 of the light storage plate mesa 26. This force is relatively 

25 independent of the cap between the electret 66 and the beam electrode 47. Placement of 
a sufficiently large potential difference between the tap beam electrodes 47 and the 
viewing substrate electrodes 44 counteracts this static force and causes the tap beam to 
flex upward against the viewing substrate stand-offs 46. thereby "turning off" the 
display tap. as shown in the figure. Upon removal of the potential difference, the 
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attractive eiectret force again causes deflection of the tap beam downward and into 
contact with the storage plate mesa. 

The static, attractive eiectret force generation mechanism thereby presents itself 
as an alternative to the mechanical force generation mechanism of the static tensile tap 
5 beam condition described above. Both schemes provide a bistable actuation scenario. 

but do so with different static force generation schemes. Thus, a configuration including 
an eiectret can employ a tap beam material that is not necessarily under tensile stress. 
Polystyrene and silicon nitride with low tensile stress are examples of suitable materials. 
As will be understood by those skilled in the art, each scheme has specific advantages 

10 that may render that scheme superior for various applications. For example, because the 
turn-on and turn-off forces of the eiectret configuration are proportional to the 
embedded charge density. and are independent of the internal stress. T. of the 
mechanical tap beam, the eiectret scheme is not constrained to specific tap material 
conditions and accordingly, a wider range of materials can be considered for the eiectret 

15 scheme. 

Considering other variations of the tap actuation scheme, the mechanical tap 
beam can be actuated based on a static internal compressive, rather than tensile, stress 
condition. In this case the tap beam exhibits a constant tendency to bow out of plane. 
As will be understood based on the previous discussion of actuation of a tensile beam, 

20 such a compressive beam could be configured in either a normally "on" or normally 
"off' scheme depending on the relative heights of the light storage plate mesa and the 
spacers separating the mechanical tap beam from the light storage plate and the viewing 
substrate. Electrode configurations can be employed on the tap beam, viewing 
substrate, and/or light storage plate to produce a desired electrostatic force generation 

25 mechanism in concert with the mechanical restoring force produced by the compressive 
tap beam condition. 

For any of the various actuation schemes contemplated by the invention, light 
trapped in the light storage plate can be released and viewed through the light storage 
plate itself, the mechanical light tap beam, a transparent viewing substrate adjacent the 

30 mechanical light tap beam, or other suitable viewing surface. In a configuration in 
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which a transparent viewing substrate is employed, it is preferable that the upper surface 
of the mechanical tap beam and the surface of the viewing substrate adjacent the 
mechanical tap beam be processed to optimize both coupling of light between the tap 
beam and the viewing substrate and scattering of light into a reasonably wide viewing 
5 angle through the viewing substrate. 

In the configurations described above (Figs. 4-5), the lower surface 43 of the 
viewing substrate 38 is smooth and flat. Alternatively, as shown in Fig. 6A. the region 
70 of the viewing substrate that laterally corresponds to the location of the roughened 
region 32 of the beam 28 can also include geometric asperities. With this configuration, 
10 both the upper surface 32 of the mechanical tap and the lower surface 70 of the viewing 
substrate can provide a geometric optical scattering surface: this increases the spreading 
angle of the emitted light. In any of the these cases, it is preferable that the optical 
scattering surface be optimized for Lambertian scattering properties. 

Without an effective scattering mechanism, light coupled through the 
15 mechanical tap and into a viewing volume may likely enter the viewing volume at 

angles quite obtuse from a direction perpendicular to the display. In other words, light 
exiting the display may likely be directed outward at angles close to the display surface 
if it is not first scattered, whereby a viewer could see the exiting light only at locations 
away from a direction perpendicular to the display. But as a practical matter, the most 
20 preferred position for viewing a display is indeed typically centered around a direction 
perpendicular to the display surface, and accordingly, only about 2 steradian of light 
within the vertical (and horizontal) angular spread of light emitted into a viewing 
volume is useful. 

In the invention, a scatter mechanism, and preferably one that achieves 
25 Lambertian scattering, ensures that the arc of viewing angles of light exiting the display 
is generally around a direction perpendicular to the display surface at the location of the 
point at which light exits the display surface. A wide range of scattering mechanisms is 
contemplated by the invention. Beyond roughening of the tap beam and/or viewing 
substrate surface, any surface perturbation, e.g.. a periodic or aperiodic grating, faceted 
30 pattern, or other geometric perturbation, can be employed as a scattering mechanism. 
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Alternatively, a surface coating or other layer that provides scattering functionality can 
be located on the tap beam and the viewing substrate surfaces. In yet another 
alternative, a separate scattering medium such as a scatter beam element can be 
positioned atop the tap beam. The tap beam can alternatively be itself formed of a 
material that facilitates scattering; for example, the tap beam can be formed of a 
translucent material. As will be recognized by those skilled in the art. other scattering 
mechanisms are also suitable. A specific scatter mechanism or medium is not required 
by the invention, rather, it is the ability to effectively scatter light in the light tap beam 
that is preferably .provided by a selected mechanism. 

Considering yet another alternative of the mechanical tap configuration, as 
shown in Fig. 6B. the viewing substrate can include a color layer 68 located in a lateral 
position that corresponds to the location of the light storage plate mesa. Suitable dyes 
that filter, e.g.. red. green, or blue wavelength components of white light trapped in and 
released from the light storage plate are here impregnated in the lower surface of the 
viewing substrate. In an alternative scheme, the color layer 68 includes one or more 
luminescent materials that each emit a selected color or colors when the luminescent 
material is excited by ultraviolet light trapped in and released from the light storage 
plate. Examples of suitable luminescent materials are described in Luminescence of 
Solids, by H.W. Lewrenz. Dover. 1968. 

The invention is not limited to the variations in actuation mechanisms or 
mechanical tap configurations described above. Rather, the invention contemplates any 
mechanical tap scheme that suitably provides the ability to actuate a mechanical tap for 
making contact to a light storage plate to release light from the plate into distinct 
viewing locations. Preferably, the actuation mechanism achieves a stable mechanical 
response to the actuation force that exhibits, e.g.. bistability. Cantilever beams, beams 
supported by two or more supports, plates, diaphragms, and other such mechanical 
structures are examples of alternative tap configurations contemplated by the invention. 
Materials under compressive stress, rather than tensile stress, or under no internal stress, 
are also suitable with corresponding actuation schemes. 
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Whatever geometry the tap element takes, it can itself provide a raised contact 
surface such as a mesa in addition to or instead of that provided by the light storage 
plate. In one such configuration, the light storage plate is smooth and each tap element 
includes a mesa protrusion on its lower surface for contacting the light storage plate. 
5 The height of the mesa is selected to produce a desired assembly configuration for a 
normally on or normally off actuation scheme. Alternatively, but not preferably for 
many cases, neither the tap element nor the light storage plate may provide a raised 
contact surface. 

Of the example actuation mechanisms discussed above, those employing a 
10 combination of electrostatic and mechanical restoring forces provide bistability, which 
mav be preferable for some applications. The force required to "mm on'* the mechanical 
tap in the case of a normally "off' configuration (Tigs, 4C-4D) and the force required to 
"turn off' the mechanical tap in the case of a normally "on" configuration (Figs. 4A-4B) 
is proportional to the voltage applied between the mechanical tap beam electrode and 
15 either the light storage plate electrode or the viewing substrate electrode for producing a 
potential difference between those electrodes, and the extent of the gap between the 
mechanical tap beam and the respective electrode toward which the tap beam is being 
actuated. This electrostatic force, F e . is given as: 

F< s (&/2)wL(V/(x + d/£ r ))\ (5) 

20 where Eo is the free-space dielectric constant, w is the width of the mechanical tap beam, 
L is the length of the mechanical tap beam suspension between the supports, V is the 
voltage applied between the tap beam and the other actuating electrode, x is the gap 
between the mechanical tap beam and the actuating electrode, d is the thickness of the 
tap beam, and e r is the relative dielectric constant of the tap beam. 

25 The transverse mechanical restoring force, F m . that inherently acts to actuate the 

mechanical tap beam in the opposite direction is given by : 

F m =-4T(wd/L)y (6) 
where T is the internal tensile stress of the tap beam, and v is the displacement of the tap 
beam from its resting (taut) position. 
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To effectively move the mechanical tap beam through the total gap distance G in 
opposition to the inherent mechanical restoring force, the electrostatic force must be 
produced by a voltage, F. of sufficient magnitude to overcome the mechanical restoring 
force. Given that such a voltage is employed, expressions (5) and (6) above provide an 
5 indication of the force to which the mechanical tap beam must subjected to switch 
between the "on'* condition and "off ? condition. 

Expressions for estimating the switching time are highly nonlinear, and a 
numerical technique is used to solve for convergent switching time value. One 
approach for estimating the closure switching time of the mechanical elements shown in 
10 Figs. 4C and 4D is as follows. Given that an increment of distance through which a tap 
beam moves is D = G/N. where G is the extent of the tap beam gap and A* is a large 

number, e.g., greater than 1 0. and given that n = 1.2,3 /- 1 V- 1 . A 7 : then, for the /'* 

increment. x } = G - / x D and y, = / x D. Then expression for time duration is given as: 



A/ = 



V 2D 



a. a 



15 with a, = (F e (xj + FjyoVpwhd. and v, = v, w + a t At, . 

where p is the density of the mechanical tap beam material. The time required to close a 
tap beam switch is then given as: 

V 

' = £A/„. (8) 

fist 

Considering the actuation speed of an example mechanical tap beam configuration in 
20 which the tap beam is formed of highly-stressed silicon nitride, e.g., as a LPCVD layer 
of nitride, expressions (7) and (8) above indicate that the electrostatically-actuated 
closing of the tap beam relative to the light storage plate is achieved in about 230 
nanoseconds. A similar computation can be made to estimate the time needed to open 
the tap beam switch shown in Figs. 4C and 4D by substituting for expressions y, and a„ 
25 in expressions (7) and (8) above, v, ' = G - / x D. and a, ' = -F m (y t )/p wLd, respectively. 

In this case, the applied voltage. I '. is set to zero, because the mechanical restoring force 
alone provides the tap beam actuation. These substitutions provide an estimation that 
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the mechanical ly-actuated opening of the tap beam is achieved in about 240 
nanoseconds. 

The closing and opening switch time computations assume a silicon nitride 
stress condition. T. of about lx] 0 9 N/m : . a silicon nitride density, p. of about 2700 

5 Kg/m 3 , a dielectric tap beam thickness, d. of about 0. 1 jim and dielectric constant, of 
about 8, a tap beam suspension length, L. of about 1 80 pirn, a gap. G. of about 0.7 jam, 
and an electrostatic actuation voltage. K of about 25 volts during the actuation time. 
The computation does not explicitly take into account stiffness and curvature of the 
mechanical tap beam as the beam flexes, e.g.. against the top surface of the light storage 

10 plate mesa: does not explicitly take into account pneumatic forces, the mass of the 

electrodes on the tap beam, or the mass of a light-scattering medium, layer, or surface on 
the tap beam. Even without such considerations, however, the sub-microsecond speed 
indicated by the computation points out that a very high-speed display can be realized 
using a matrix of such mechanical tap beam elements, as discussed in detail below. 

15 The actuation response of the mechanical tap beam to a combination 

electrostatic/mechanical actuation scheme is bistable, as mentioned above, and this 
bistability, in combination with the proximity effect inherent in electrostatic actuation, 
results in a predictable actuation hysterisis function. Figure 7 illustrates this actuation 
hysterisis function for the example case of Figs. 4C-4D in which the mechanical light 

20 tap is configured in a normally k 'off " scheme. The dynamic distance betw een the 

mechanical tap beam and the top surface of the light storage plate mesa is given asx, 
where jc is equal to G. the full extent of the gap. when the tap is fully open. The 
potential difference applied between the mechanical tap electrodes and the light storage 
plate electrodes is given as f' where V can be a positive or negative voltage: due to the 

25 polarity-independent attractive charge formation mechanism inherent in electrostatic 
actuation, the applied voltage can be of either a positive or negative polarity. 

When the applied potential difference. V. is zero, the tension in the mechanical 
tap beam maintains the beam in the "open" position, where x - G. indicated by point 
"A ,? in Fig. 7. The mechanical tap beam continues to maintain this position when a 

30 positive polarity potential difference is applied, until the applied potential difference 
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exceeds a threshold voltage, V mm defined as that voltage which produces an electrostatic 
force equal to the inherent mechanical restoring force of the tap beam. At applied 
potential differences greater than V m , the mechanical tap beam experiences a larger 
electrostatic force than mechanical restoring force and tends to move toward the light 
storage plate, indicated by point *'B'' in the figure. 

Once a potential difference equal to or greater than a closure voltage, K r , is 
applied, the tap beam experiences an electrostatic force adequate for actuating the beam 
completely through the gap, G. whereby the tap is in the '"closed'* position, indicated by 
point "C" in the figure, and for which light is coupled out of the light storage plate and 
into a viewing volume. The magnitude of the applied potential difference does not 
thereafter need to be increased beyond than the closure voltage magnitude because the 
closure voltage magnitude is sufficient for moving the tap beam completely across the 
gap G. 

Based on the expression for electrostatic force. F t , given above in expression (5), 
it is understood that as the tap beam moves closer to the actuating electrode, the tap 
beam experiences a stronger electrostatic force; this is reflected in the inverse 
relationship between F e and x in expression ( 5). Once the tap beam is separated from 
the light storage plate mesa only by the very tiny stand-offs on the lower surface of the 
tap beam (54 in Fig. 4B). the electrostatic force is quite strong due to the proximity 
effect, which embodies the inverse relationship between electrostatic force and distance. 
As a result, the tap beam remains in the ''closed'* position even when the applied voltage 
magnitude is decreased below the closure voltage. V c . This fortuitous condition enables 
a display scheme in which the applied voltage required to hold a given tap beam closed 
is much less than the voltage required to first close the beam, and results in a reduced 
power requirement over typical display schemes, as discussed below. 

Once the applied potential difference magnitude is decreased below the 
threshold voltage. J ',„. corresponding to an electrostatic force equal to the mechanical 
restoring force of the mechanical tap beam, and is decreased further to a closure voltage 
threshold, V D . the mechanical restoring force again dominates the electrostatic force, and 
the tap beam moves back toward the "open" position, as indicated by point "D" in Fig. 
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7. Thereafter, any applied potential difference magnitude equal to or less than an open 
voltage, V Q , results in "snapping" of the tap beam back to its rest position away from the 
light storage plate mesa, as indicated by point "E" in Fig. 7. 

With this actuation response, the mechanical tap beam is seen to exhibit a 
bistable hysterisis response of either •'open" or "'closed** conditions, wherein 1 ) an 
applied potential difference magnitude of at least V c closes the tap and holds the tap 
closed; 2) an applied potential difference magnitude of less than V Q opens the tap and 
maintains the tap open; 3) an applied potential difference magnitude between V 0 and V c 
maintains the tap in the open position if the tap's most recent actuation was opening; 
and 4) an applied potential difference magnitude between V n and V c maintains the tap in 
the closed position if the tap's most recent actuation was closing. This hysteresis 
response is polarity-independent, as explained above, and as is illustrated in the left half 
of Fig. 7, 

A similar hysteresis actuation response is provided by a three-electrode tap 
scheme like that shown in Fig. 4E wherein an electrode is provided on all of the tap 
beam, the light storage plate, and the viewing substrate. In this case, no mechanical 
restoring force is employed; only electrostatic force actuates the tap beam. Here, the 
force, F u , on the tap beam when in the "off" up position, and the force. Fp. on the tap 
beam when in the "on"* down position, are given as. respectively: 



where V u is the potential difference between the viewing substrate and tap beam 
electrodes (60 and 62. respectively, in Fig. 4E). V 0 is the potential difference between 
the tap beam and storage plate electrodes (62 and 64. respectively, in Fig. 4E). x is the 
gap between the tap beam and viewing substrate electrodes at any given time, and>> is 
the gap between the tap beam and storage plate electrodes at any given time. 

In one example 3-electrode actuation scheme, a constant potential, i.e., DC 
voltage, F f „ is maintained between the tap beam and viewing substrate and the potential 
between the tap beam and storage plate, V D . is changed. In this case, given that the tap 
beam is initialized in the "off* up position, the tap beam will remain in that position 
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until the applied voltage between the tap beam and storage plate electrodes produces a 
potential difference between those electrodes. Vq. that exceeds a closure actuation 
voltage, V c . Thereafter, the tap beam closes and remains in the "on" down position until 
the applied voltage between the tap beam and storage plate electrodes produces a 
5 potential difference between those electrodes that falls below an opening potential 
difference, V 0 . The closure potential difference. Vc. and the opening potential 
difference, V Q . are given as: 

( v + a/ \ f v ~ j/ \ 

y > y \ J„„ A. y < y\ ^ (10) 

where y mtm y max , x mmi and x max are the minimum and maximum separations between the 
10 tap beam and the storage plate and viewing substrate, respectively. As will be 

recognized by those skilled in the art. a DC potential might alternatively be applied 
between the tap beam and the light storage plate rather than the viewing substrate. In 
either case, it may be preferable in some applications to periodically reverse the polarity 
of the DC potential and the corresponding actuation potential to suppress electronic 
15 charge build up on the tap beam. Such charge build up could result in a strong 
electrostatic force that swamps out that produced by the applied voltages. 

A hysteretic actuation response is also achieved by a tap scheme in which, as 
shown in Fig. 5, electrodes are provided on the tap beam and. e.g.. the viewing substrate 
and an electret is provided in. e.g.. the light storage plate. Here again no mechanical 
20 restoring force is required to actuate the tap beam. In this case, the downward force, 

on the tap beam, is a function of the electret charge density. D: and the upward force, F», 
is a function of the potential difference, F„, between the tap and viewing substrate 
electrodes. These forces are given as. respectively: 



F D oc D\ 



V V 



25 where x is the distance between the viewing substrate electrode and the tap beam. 

In one example 2-electrode/electret actuation scheme, the potential difference V u , 
between the tap and viewing substrate electrodes is changed to actuate the beam. Given 
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that the tap beam is initialized in the ~on ?? down position, the tap beam will remain in 
that position until the applied voltage between the tap beam and viewing substrate 
electrodes equals or exceeds an opening potential difference. J ',. This causes the tap 
beam to move up to the "off 1 position, where it remains until the potential difference V u , 
between the tap and viewing substrate electrodes is decreased below a closure potential 
difference, F c . The closure potential difference. Vr. and the opening potential 
difference, V a , are given as: 

K * t>{* m - + "A) : K * + a A\ 02) 

where x mm and x max are the minimum and maximum separations between the viewing 
substrate electrodes and the tap beam. As will be understood by those skilled in the art. 
other hysteretic actuation schemes can be employed with a 2-electrode. 3-electrode. 
electret. or other electrostatic actuation scheme. If bistable, hysteretic response is not 
required, a wide range of electrostatic actuation control techniques can alternatively be 
employed. The electromechanical optical switch of the invention does not require a 
specific control scheme, but instead contemplates a wide range of control schemes that 
employ electrostatic force at least in part for actuation of a mechanical tap structure. 

Considering now in more detail a flat panel display employing an array of 
mechanical light taps provided by the invention as pixel elements, as shown in Figs. 8A, 
8B. and 8C. the display 10 consists of a light storage plate 12 having light sources 14. 
which preferably are white light or multi-color light sources, on each lateral end of the 
storage plate. The light storage plate forms the back of the display, opposite the viewing 
side; which consists of the viewing substrate 38. as described above. A display area 72 
is defined by the area on the viewing substrate that corresponds to an array 76 of 
mechanical tap beam structures aligned in columns, examples of which were shown in 
Fig. 4. The viewing substrate 38 and light storage plate 12 are aligned and held together 
preferably under a partial vacuum. An O-ring 78. deposited on the viewing substrate 38, 
facilitates this evacuated assembly. 

Line driver electronics 80 and column driver electronics 82 are positioned at the 
top and bottom edges of the viewing substrate 38. In one suitable example 
configuration, dedicated line drivers 80 are each connected to a corresponding line 
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electrode on the viewing substrate by way of line conductors 8 1 ; and similarly, 
dedicated column drivers 82 are each connected to a corresponding column electrode on 
a mechanical tap beam by way of column conductors 83. 

An example flat panel display in accordance with the invention is of a geometry 
in which the active display area (76 in Fig. 8C) is about 1 meter-wide and has a height 
of about 56 cm. The display provides, e.g.. 1080 display lines, with 1920 pixei elements 
per line. Pixel intensity modulation, e.g.. eight-bit modulation, is optionally provided by 
a temporal- or area-weighting scheme, described below. With these geometric 
considerations, the example display supports a frame rate of 60 frames/sec. also 
optionally supporting multi-color sub-frames, e.g.. 3 color sub-frames/frame. High 
optical efficiency of the sub-frame scheme is achieved if. e.g.. red. green, and blue light 
sources are pulsed in sequence to illuminate the light storage plate in a sequence of red. 
green, and blue sub-frame color time slots. In such a scenario, each of the three color 
time slots is 1/3 of the total frame duration provided by a frame rate of 60 frames/sec. 
and accordingly corresponds to about 5.56 msec for each color time slot. The actuation 
time of the array of mechanical light taps, given above as in the range of hundreds of 
nanoseconds, provides adequate speed for such a multi-color scheme, as explained in 
more detail below. 

In a control scheme for setting the **on*" and "off" states of the pixei arrav for one 
color time slot or in a case in which sequential color injection is not used, for one frame, 
voltages are applied to the line and column electrodes of the display to electrostatically 
actuate selected mechanical tap beams in the array. In one example control scheme, as 
shown in Fig. 9: 

Vcoii = Voltage applied to /''' column electrode where / = 1 to m: 
Vhnej ~ Voltage applied to f h line electrode where j = 1 to n\ and 
v diff(H) = (Vcoti - Vimej) = Differential potential applied to the mechanical 
tap located at the intersection of the /'* column electrode and the j th line 
electrode. 

In one example of this control scheme, all of the column electrode voltages are 
applied simultaneously during the application of a given line electrode voltage: then the 
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column electrode voltages corresponding to the next sequential line are applied 
simultaneously while the next line electrode voltage is applied. The line electrode 
voltages are in this way applied sequentially beginning with. e.g.. the top-most line. 
During each line electrode voltage application, the i lh column voltage, V coh% applied to 
5 each of the / = 1 to m column electrodes, is either -rV s or -F 5 . where V 5 is defined as in 
Fig. 7, and is maintained for the duration of a given line electrode actuation period. The 
f h line voltage, V ime) , applied to the /* of the j = 1 to n line electrodes, is +V S during the 
actuation period for that line, and is 0 volts while all of the other lines are being 
addressed. 

10 Electronics for enabling this actuation scheme are described later in the 

discussion. Whatever electronics are employed, for many applications it may be 
preferable to configure the display such that the line and column actuation voltage. V s% is 
constrained to a magnitude less than abut 20 V such that conventional MOS technology 
can be employed. For the example geometry considered in the above computation of 

15 switching speeds, a line and column actuation voltage, V s . of at least about 12.5 V is 

required. In this case, one or more of the various geometric parameters can be adjusted 
to achieve a desired actuation voltage magnitude, e.g.. a lower magnitude than 12.5 V. 

Considering the example control scenario shown in Fig. 9. which depicts a point 
in time during one frame or color time slot when lines 1 and 2 have been addressed and 

20 line 3 is actively being addressed, column electrodes / = 1 and / = 2 are set at an 

example voltage of + F T and column electrode / = 3 is set at an example voltage of -V s \ 
line electrodes j = 1 and j = 2 are set at 0 volts and line electrode 7 = 3. the line actively 
being addressed, is set at + V s . With these column and line electrode voltages, the 
mechanical taps addressed at a time previous to that depicted in Fig. 8, i.e.. those taps at 

25 the intersections of all the columns and lines 1 and 2. all are exposed to a potential 
difference of either +F, or - V s . Based on the hysterisis actuation response of the 
mechanical tap scheme, as shown in Fig. 7. these voltages set those mechanical taps at a 
point in the hysterisis function whereby the taps remain at whatever position they were 
set at when they were each actively addressed, even though no active addressing of 

30 those lines continues. This condition is maintained provided that the transition to or 
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from + V S or -V s occurs in a time interval short with respect to the mechanical switching 
speed of the elements and is a result of the bistable hysterisis actuation response. 

The mechanical taps at the intersections of the active line, line 3. and columns 1 
and 2 are exposed to a potential difference of 0 volts, whereby these two taps are 
5 opened. The mechanical tap at the intersection of column 3 and line 3 is exposed to a 
potential difference of +2F,. which is greater than +K C (Fig. 7). As a result, this 
mechanical tap is closed, and light is coupled out of the tap into the viewing substrate. 
At a time after the third line is actively addressed, i.e.. after the voltage applied to line 3 
is switched to 0 V. the "open v and * 4 closed v states of the taps in that line will retain their 
10 positions due to the hysterisis actuation response of the taps. In this manner, the entire 
sequence of line electrodes is addressed with taps retaining their position while later taps 
in the sequence are addressed. This scheme eliminates the need for active electronic 
devices at each pixel and provides an extremely efficient display with low power 
consumption. 

15 Furthermore, this elegant control scheme requires only three different voltage 

magnitudes, namely, -V s -t-F,. and 0 volts, and yet the bistable hysteresis actuation 
response of the mechanical tap scheme provides the ability to achieve four different 
responses, namely "open." vi close." remain "open."* and remain "closed." As explained 
above, the various column electrode voltages are applied simultaneously and switched 

20 simultaneously at the start of each line voltage application, while the line electrodes are 
set sequentially. Alternatively, but perhaps less preferably, the column and line 
electrode actuation voltages and control timing can be switched, i.e.. ±V S can be applied 
to the line electrodes simultaneously and 0 V or +F t applied to the column electrodes 
sequentially. Whichever electrodes are addressed sequentially, the voltage applied to 

25 each electrode in the sequence is preferably applied for a time duration that is sufficient 
to establish an electrostatic actuation force, after which the appropriate voltage is 
applied to the next electrode in the sequence. The polarity of the column (or line) 
voltages that are applied simultaneously are set at the start of the actuation time duration 
for a given sequential line (or column) and are switched at the start of the actuation time 

30 duration for the next line (or column) in the sequence. 
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Considering a quantitative example of the control timing sequence for applying 
column and line voltages, recall that the flat panel display of the invention supports a 
temporal scheme in which about 5.56 msec is available for each of three color time slots 
in a frame, where the frame rate is 60 frames/sec. Referring to Fig. 1 OA. each color time 
5 slot corresponds to a temporal segment during the frame duration in which either red. 
green or blue light is produced in the location of any of the mechanical taps that are set 
"on" for that time slot. In one example scenario, one-half of the color time slot duration, 
i.e.. about 2.78 msec, is allotted for actuating the mechanical tap beams to move selected 
ones into the "on" condition, and the remaining time, also 2.78 msec, is allotted for 
10 flashing of color light source lamps to produce the desired color of a given time slot. 

Referring to Fig. 10B. the actuate and flash sub-time slots corresponding to each color 
time slot are illustrated. For example, the first ""red** color time slot in Fig. 10A, i.e., 
time slot number 1. is produced by a first actuation sub-time slot (Fig. JOB) to "'set the 
frame" during which all of the line electrodes are sequentially addressed to actuate 

15 selected ones of the mechanical taps into the ""on 7 " condition, followed by a first "flash*" 
sub-time slot during which red light is injected into the light storage plate. The 
sequence progresses in this manner to produce green and blue time slots in one frame 
duration. Thus, each mechanical tap in the display may be actuated up to three times to 
produce one display frame. 

20 In an alternative scheme, a given color source can be maintained on during an 

entire color time slot duration, e.g., 5.56 msec. In this scheme, all tap elements are set 
in the "off* position at the start of a given color time slot and are switched to appropriate 
settings sequentially in a time short with respect to the time slot duration. The elements 
are then turned off sequentially prior to the next color time slot. 

25 Actuation schemes like these employ a combination of column electrode and line 

electrode voltage application, as explained above. If. e.g.. all column electrodes are to 
be addressed simultaneously, then the column driver electronics is controlled to, e.g., 
drive two half-columns of pixels, for example the top-half plane of the display and the 
bottom-half plane of the display, independently and simultaneously. This dual column 

30 actuation enables the addressing of two line electrodes. Then, if the line electrodes are 
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to be addressed sequentially, the time available 10 address a single line is equal to the 
actuation time slot duration divided by one-half the number oflines in the display. In 
one sequential addressing scheme in accordance with the invention, line driver 
electronics are controlled to sequentially address lines beginning at the top of the display 
5 while simultaneously addressing lines beginning at the bottom of the display. In this 
scheme, e.g., lines 1 to n/2 (where n is the number oflines) are addressed in sequence 
while lines n to (n/2)+l are simultaneously addressed in sequence. This scheme 
accomplishes addressing of all lines with twice the time available than would be 
available if all n lines were addressed in sequence from line 1 to line /7. 
10 With this line addressing scheme, the time allotted to address one line is 2.78 

msec/f 1080/2) = 5.15 usee, for a display including 1080 lines. Fig. 10C schematically 
depicts this sequential addressing scheme for the top half of the display, containing line 
1 to line n/2. The actuation voltage - \\ is sequentially applied to each line for a time 
corresponding to the address line time, e.g., 5 usee, as computed above. This address 
15 line time is more than sufficient to accommodate both the frame speed and switching 

speed of source lamps as well as the mechanical actuation speed of the mechanical light 
taps. Indeed, this illustrates an important advantage of the mechanical light tap scheme 
relative to more conventional display schemes that typically are either much slower or 
that require a more complicated actuation configuration. 
20 As explained above, each micromechanical element in the flat panel display 

corresponds generally to the intersection of a column electrode and a line electrode, 
because an electrostatic force generated at such an intersection results in actuation of a 
mechanical tap beam to contact the light storage plate at the location of the intersection. 
Thus, at the location of every column and line electrode intersection in the light tap 
25 array there is located a corresponding contact area, which may include topology such as 
a mesa on, e.g.. the light storage plate. As explained previously, a mesa or other contact 
topology could alternatively be located on the light tap elements themselves. The 
contact topology, in concert with the compact nature of the light tap elements and 
localized actuation enabled by the column and line electrode geometry, enables a display 
30 with superior resolution. 
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In one example pixei geometry in accordance with the invention, as shown in 
Fig. 1 1, an area-weighting scheme is employed such that, e.g., eight bits of viewing 
intensity are associated with a single pixel. Other pixel weighting schemes are equally 
applicable, as described below. The view in Fig. 1 1 is from the back of the display with 
5 the light storage piate removed such that the bottom surfaces of the mechanical tap 

beams are in view (as in Fig. 8C) above the lower surface of the viewing substrate. As 
shown in Fig. 1 1. one pixel 75 is defined by the area of intersection of eight mechanical 
tap beam elements 28a-28h. and one line electrode 44 (with reference to Figs. 4A-4D). 
The line electrode 44 is located on the lower side of the viewing substrate and extends 

10 the horizontal length of the active display area: a display of. e.g.. 1080 lines includes 
1080 such horizontal electrodes. Each of the eight tap beam eiemenis is actually a 
portion of a beam that extends the full height of the active display area; a display of e.g., 
1920 pixels/line therefore includes 1920 x 8 = 15.360 such mechanical tap beams. Each 
of these beams corresponds to a column electrode, e.g.. a metallized top surface of the 

15 beam, to which a voltage of either ±V S is applied, as explained above, during addressing 
of each line. 

In one example voltage control scheme for simultaneously addressing all 15.360 
tap beam columns, an upper set of 1 5.360 column drivers is provided at the top of the 
display and a lower set of 15.360 column drivers is provided at the bottom of the 

20 display. Preferably, as discussed in more detail below, each of the drivers is a fast- 
acting double-pole, double-throw switch that applies either ±1^ to the corresponding 
pixel tap bit beam. As is readily understood, the number of column drivers corresponds 
to the number of bits per pixel; and suitable division of pixel addressing between 
electronics at the top and bottom of the display can take many configurations other than 

25 that specifically described here. 

Turning again to Fig. 1 1 . in one suitable pixel design, one pixel extends about 
500x500 fim 2 . with a horizontal border 76 and a vertical border 78 laterally enclosing 
the eight taps and vertically enclosing a section of the eight taps that corresponds to the 
horizontal location of a given line electrode. In one example design, each of the eight 

30 mechanical taps is about 40 ^m-wide. 1 80 jam-long, with two storage plate contact areas 
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between the supports 40 at each end of the line electrode 44 and a support 40 in the 
center of the tap. and is separated from the other taps by about 20 urn. This spacing can 
provide adequate lateral area for positioning eight separate wires through each pixel to 
provide eight separate bits of binary control. Not shown explicitly are the metallizations 
5 on the eight mechanical taps for making contact to them. Each of the mechanical taps 
28 are held separated from the viewing substrate 38 not only by supports 40 located at 
each edge of the line electrode but also by a support 40 in the central region of the line 
electrode. The spacers located on the lower side of the mechanical taps for holding 
them separated from the light storage plate are not shown. 

10 In an 8-bit intensity modulation scheme, the most significant bit tap 28a is 

assigned an intensity weight of 1/2 and each successive bit tap 2Sb. 28c and 28h. is 

assigned an intensity weight corresponding to the next consecutive power of two. i.e.. 
1/4, l/8 ? ..„ and 1/256, respectively, as shown in the figure. This weight assignment is 
produced by a combination of factors. First, as shown, each of the first four (leftmost) 

15 mechanical taps has a successively smaller pair of mesa contact areas 80a-80d and 82a- 
82d, and each of the second four ( rightmost) mechanical taps has the same sequence of 
contact areas 80e-80h and 82e-82h. The contact area for a given mechanical tap is 
defined by the geometry of the upper surface of the light storage plate mesa underlying 
that tap. This geometry may be circular, as shown, or may take another suitable shape. 
20 If circular, the sequence of four diameters can be. e.g.. 35. 24.7. 17.5. and 12.4 urn. from 
largest to smallest. 

The contact areas are shown on the lower surfaces of the mechanical taps in Fig. 
1 1 for clarity but in actuality, a similar geometric designation is made in the metallic 
layer located, e.g., on top of the mechanical tap beams to permit the released light to 

25 propagate into the beam 28 and out through a similar aperture in the line electrode 
located on. e.g.. the viewing substrate. The contact areas are also defined by the 
geometry and area of the light storage plate mesas, if such protrusions are included in 
the light storage plate structure. Not shown are windows in the viewing substrate line 
electrode (behind the mechanical tap beams) that each correspond directly to the mesa 

30 contact geometry for a given pixel tap bit. These windows provide the optical path 
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aperture for light coupled out of the light storage plate to enter the viewing substrate and 
emerge into a viewing volume. 

Two mesa contacts are shown in the figure for each mechanical taD beam bit: 
this is an example of pixel redundancy provided by the display scheme of the invention. 
5 Specifically, two or more light storage plate mesas and corresponding windows in the 
viewing substrate line electrode are preferably provided for each bit so that in an 
unlikely event of failure of a tap bit beam to make contact with one of the corresponding 
storage plate mesas, one or more additional other mesas will couple light out of the 
storage plate for that bit. 
10 The second factor providing digital weighting of the pixel bit intensities is tne 

height of the stand-offs { 54 in Fig. 4B I on the mechanical taps. Recall thai the stand- 
offs are located on the lower surfaces of the mechanical tap beams in the areas where the 
beam contacts the light storage plate mesas. In Fig. 1 1 . the stand-offs, if shown, would 
be located in the circular mesa contact areas 80a-80h and 82a-82h. The stand-offs are 

15 provided to suppress Van der Walls attractive forces that could develop when the an 

extended area of the tap beam makes mechanical contact with a light storage plate mesa, 
as discussed above. The four leftmost tap beams each include stand-offs having a height 
of, e.g., about 200 A. while the rightmost tap beams each include stand-offs having a 
much taller height, e.g.. of about 1500 A. 

20 As discussed previously, the 200 A-high stand-offs have essentially no impact on 

the coupling of light from the top surface of the storage plate mesa through the 
mechanical tap. However, the 1500 A-high stand-offs reduce the coupling of light out 
of a light storage plate mesa by about 12 dB. Thus, although the sequence of mesa 
contact areas of the four rightmost pixel bit beams is the same as that of the four 

25 leftmost pixel bit beams, the intensity of light produced by contact of the four rightmost 
beams is about 12 dB less than that produced by the four leftmost beams. As a result, a 
full sequence of eight different bit weightings is achieved for the pixel. This eight-bit 
weighting corresponds to a dynamic range of about 24 dB. 

A noticeable feature of the pixel arrangement of Fig. 1 1 is the relatively small 

30 fraction of the overall pixel area through which light is coupled out to emerge into a 
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viewing volume; this ratio is known as the filling factor, ana is calculated as the ratio of 
aperture area to total pixel area. Consideration for a preferable filling factor is as 
follows. In a condition in which all pixels of a display are turned * ; on." it is desirable to 
achieve uniform illumination across the width of the display. Given that light sources 
are positioned on both the left and right edges of the display, an injected light beam 
propagating through the light storage plate from left to right will tend to compensate for 
losses suffered by a beam propagating from right to left, and vice versa, if the coupling 
coefficient for all pixels is designed to a value such that only one-half the available light 
is coupled out of the display by way of the pixel apertures. The pixel coupling 
coefficient is a function of the filling factor, the transmission coefficient across the gap . 
between the mesas and the mechanical tap beams, and other factors. 

It can be shown that for a light storage plate of 1 cm in thickness and 135 cm in 
width, coupling of 1.2% of the light incident at each pixel out of the light storage plate 
produces, in a lossless storage plate, an intensity across the display area that diminishes 
smoothly by only about 6% from the edges to the middle of the display. This assumes 
that about one-half of the injected light emerges from the display edge opposite the one 
at which it was injected. In this scenario, the filling factor for each pixel can be as small 
as about 3%. As mentioned previously, this then provides more than adequate lateral 
area for connection of electrode control wires to the mechanical tap beams, as well as 
for insulating spacers. A quantitative analysis of the display intensity as a function of 
display position will be presented later in the discussion. 

Considering again the pixel bit weighting scheme provided by the invention, 
other weighting schemes, e.g.. temporal, or a combination of temporal and area- 
weighting schemes, can also be employed. Such a combination scheme may in some 
cases be preferable because an all-area weighting scheme requires a dedicated electronic 
driver for each of the mechanical tap beams in the pixel. In one example combination 
temporal/area weighting scheme that provides eight-bit weighting, a sequence of only 
four different tap beams and four corresponding mesa contact areas is required, e.g., of 
relative sizes 1. 1/4. 1/16. and 1/64. The switching speed for setting pixel line electrode 
voltages is then doubled to support two temporal settings for each color time slot, 
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namely, a short-duration coupling and a long-duration coupling having a coupling time 
twice that of the short-duration setting: this results in a temporal weighting of either 1 or 
1/2 for each mechanical tap beam addressed. This two-level temporal weighting 
scheme, in conjunction with the four-level mesa contact area weighting scheme, 
5 provides a full eight-bit intensity range from 1/2-1/256. while requiring half the number 
of tap beams control wires required of an eight-leveL area-only weighting scheme. 

Similarly, a three-level area weighting in combination with a three-level 
temporal weighting could be employed to produce nine bits/pixel of intensity weighting. 
As will be understood by those skilled in the art. other such weighting combinations, or 

10 temporal weighting alone, can also be employed: and as discussed initially, pixel 

weighting is not absolutely required. In general, a total bit weight, b. that provides b bits 
per pixel is equal to pq. where p is the number of temporal bit weights and q is the 
number of area bit weights. In one suitable example timing control scheme, the least 
significant temporal weight, that can be accommodated is set to exceed 3/ J? where 

15 is the switching speed of an element. In this case, the least significant temporal weight 
tisB, and the least significant area weight ais& for a pixel are defined by the following 
relationship: 

tfSH = /P-\ a *SH ~ U ^-<-\ (13) 

where i Q is the time duration for addressing a single line electrode and a is the product of 
20 the filling factor and the pixel area. Although not explicitly taken into account by this 
relationship, factors relating to the optical coupling efficiency of the mechanical tap 
beams and the finite tap beam actuation response time should also preferably be 
considered. 

Table 1 below identifies some combinations of temporal and area weighting that 
25 results in "debits of combined weighting. 
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TABLE 1 



b 




a 


Temporal Weight 
in uniis of // ™ . 


Area Weight 
in units of cif^p 


8 


1 


8 


1 


1.2. 4. 8. 16. 32 


8 


2 


4 




1.4. 16.64 


9 


3 


3 


1.2.4 


1. 8. 64 


8 


4 


2 


1.2. 4. 8 


1. 16 



In an alternative pixel layout scheme in accordance with the invention, each 
10 pixel includes one or more tap elements dedicated to a specific color; for example, three 
bits dedicated to red. three to green and three to blue. Each tap beam or the viewing 
substrate in the area of that tap beam includes a color filter or other medium for 
producing the color for which the tap beam is designated from a single injected light 
color. For example, color filters can be employed to filter injected white light for 
15 producing a multi-color display output. An example of a color filter was shown in Fig. 
6. This configuration has an advantage over that of the sequential multi-color time slot 
scenario described previously in that only a white light source is employed instead of a 
multi-color source. 

Considering now examples of drive circuitry for controlling the application of 
20 column and line electrode voltages in a display scheme with 4 area weights and 2 

temporal weights, for a total of 8 bits per pixel, the line drive circuitry and column drive 
circuitry preferably are located at peripheral edges of the display structure, as shown in 
Figs. 8A-8C. Turning to Fig. 12 A. line drive circuitry 85 includes, e.g., a line voltage 
shift register 86 having a number, n, of shift bit positions that corresponds to the 
25 number, n. of lines in the display. Each line electrode is connected by way of wire, 
conducting trace, or other conductor, as shown in Fig. 8, to a dedicated single-pole, 
double-throw switch 88 for that line; there thus are n switches 88. Each switch is in turn 
connected to a corresponding one of the shift register bit positions for control by the bit 
in that position at a given time. 
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A line electrode switch sequence 90 is clocked through the shift register in FIFO 
manner under timing control of a line clock 92. synchronized with the register shifting 
by way of, e.g., a microprocessor (not shown), analog or digital control circuit or 
software code. The line electrode switch sequence consists of a single "! followed by a 
5 sequence of "0s" of a length to till the shift register. The line clock shifts the sequence 
through the register at a speed corresponding to the time duration for which a line 
electrode voltage is applied to a single line. As the sequence is clocked through the 
register, the one bit position containing a "1" switches the corresponding switch 88 to 
apply the voltage + V X to the corresponding line electrode during one actuation time 
JO period. The other bit positions, which all contain a "0/" switch their corresponding 

switches to apply 0 V to the corresponding line electrode. The line clock frequency is 
preferably set at a frequency, / r , of: 

1=2^^2- (14) 

where p is the temporal bit weight, i.e., the number of temporal bits, as explained above; 

15 n/1 is the number of lines in one-half of a frame, as given above: F is the frame rate at 
which the display is operating; s is the number of time slots in a frame, e.g.. each of 
three time slots can be employed in a frame to display one of red. green, or blue light, 
and the factor fcl 2" corresponds to the time compression scheme as shown in Fig. 10B. 
If. for example, the number of time slots, .v. in a frame is 3. the frame rate. F. is 60 

20 frames/sec, the number of lines, n. is 1080. and the temporal bit weight./?, is 2, i.e., 
there are two possible time durations for a given pixel area, then the line clock 
frequency./ c , is preferably sex at an average rate of about 0.5972 MHz. as prescribed by 
correspondence (10) above: the instaneous rate is considerably higher, followed by a 
pause. 

25 Referring also to Fig. 12C. one of the n line switches is shown schematically in 

more detail. As explained above, all switches for which a "0" is positioned in the 
corresponding shift register bit position are set to a ' passive'* state position 94 for which 
0V is supplied by the switch to the corresponding line electrode. The one and only 
switch for which at a given time a "1" is positioned in the corresponding shift register 
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bit position is set to an "active'* state position 96 for which +K is supplied to the 
corresponding line electrode. 

An example column drive circuit 97 is shown schematically in Fig. 12B. Here a 
column electrode switch sequence 98 of "Is" and "Os" corresponding to the mq column 
electrode voltages for one line of the display is shifted, in FIFO manner, into a set-up 
register 100 under control of a set up column clock 102. The set-up register 100 
correspondingly includes a number, mq. of bit positions. The column electrode switch 
sequence includes a control bit for each area-weighting bit of each pixel in a column. 
Thus, as shown in the figure, if q = 8 and p = 1 . then a first number, e.g.. 8. of the switch 
sequence bits correspond a the first pixel in the column, the second 8 switch sequence 
bits correspond to a second pixel in the column, and so on. for a scheme like that of Fig. 
1 1, where each pixel includes 8 tap beam bits. 

The set up register 1 00 is filled with a new column electrode switch sequence 98 
for each sequential line electrode actuation period. Accordingly, the set-up register is 
preferably filled with a given switch sequence in a time period no ionger than a time 
period corresponding to l/qf e * where f c is the line clock frequency defined above, so that 
a next sequential column switch sequence is ready at the end of a given line actuation 
period. Given a display of 1080 lines. 1 920 pixels with 8 bits per pixel. 3 color time 
slots in each frame, one temporal weight, and 60 frames per second, the frequency of the 
column clock 102 is preferably set to achieve a data rate of about 3 GHz. This hieh data 
rate can be reduced by. e.g.. segmenting the column register into k subregisters that are 
driven in parallel by the column clock 92 at a lower data rate. Alternatively, if bits of a 
pixel are separately dedicated to specific colors using, e.g.. color filters and a white light 
source alone, then sequential color time slots in a given frame are not required and the 
register clocking rate can be correspondingly slower. 

The column electrode drive circuit includes a second shift register, namely a 
column holding register 104. having a number of bit positions, mq. that like the set-up 
register, corresponds to the number of column electrodes. Once the column set-up 
register 102 is filled with a given column switch sequence 98. the entire sequence is 
laterally fed into the column holding register 1 0-4. preferably in a time short with respect 
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to l/f c . Then the next column switch sequence is clocked into the set-up register 100. 
Each bit position of the column holding register 102 is connected to directly control a 
dedicated single-pole, double-through switch 106. that in turn is directly connected to a 
corresponding column electrode. Only the switches corresponding to the most 
5 significant bit of the first few pixels are shown in the figure lor clarity. 

A suitable switch configuration is correlated to the two possible column 
electrode voltages, +f 7 v and - V s . For example, in a configuration similar to that shown in 
Fig. 12C for the line drive switch 88. a fct l" in one of the holding register's bit positions 
could signal the application of + V S to the corresponding column electrode, while a "0" in 

10 one of the holding register's bit positions could signal the application of -V s to that 
electrode. Other column control switch schemes are equally suitable, as will be 
understood by those skilled in the art. 

The rise and fall times of both the column and line electrode voltage signals 
applied to the column and line electrodes preferably exceed the characteristic switching 

15 time of the mechanical tap beam by a factor of about three. This ensures that 

mechanical taps of a given column in lines previously addressed do not change their 
position as the voltage applied to that column is later changed to address taps in later 
lines. The characteristic switching time of a mechanical tap is a function of the mass of 
the beam: a larger mass results in a longer switching time. Given a switching time of, 

20 e.g., about 0.5 usee, the rise and fall times of the electrode voltage signals is preferably 
on the order of e.g.. about 150 nsec. 

In the example pixel weighting scheme specified above, having two temporal 
weights and four area weights, which together produce eight bits per pixel, four columns 
of mechanical tap beams and corresponding electrodes are required for each pixel. This 

25 arrangement provides adequate lateral area on the display viewing substrate for locating 
column transmission lines adjacent to the mechanical tap beams. Considering the 
transmission line time constant for such a transmission line, the so-called RC time 
constant of the line is given by: 

RC = pzL : /(d„4d)* (15) 
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where pis the unit resistivity of the line. £*is the unit relative dielectric constant of the 
line. L is the length of the line. d m is the metal line thickness, and d d is the dielectric line 
thickness. For a line length. L. of about 30 cm. a resistivity, p. of about 2.8xI0~ 6 ohm- 
cm, a dielectric constant, e. of about 4xl0~ n /367t fd/cm. and metal and dielectric 
5 thicknesses both of 1 jam. the transmission line RC time constant is about 90 nsec. This 
time constant is adequate tor supporting a 150 nsec voltage signal rise time and fall 
time, as given above. It is notable that the power required to charge and discharge the 
transmission line and correspondingly, to actuate the mechanical tap elements, is about 
200 W for the display specification given above, due to the electrostatic proximity effect 
10 and bistable response of the mechanical tap beam elements. 

Shift register and switch/inverter electronics for implementing the control 
scheme above can be provided as dedicated microfabricated chips, e.g.. CMOS gate 
arrays. ASICs, other custom configuration or conventional off-the-shelf packaged circuit 
that accommodates the number of shift positions and switches required for a selected 
15 display size. Preferably, the electronics accommodate the necessary actuation voltages, 
which may be e.g.. about 12.5 V. and accordingly a conservative circuit layout design 
rule. e.g.. a 2 \im design rule, is adequate. A conventional power supply and associated 
electronics is adequate. 

Turning now to suitable light source configurations for illuminating the flat 
0 panel display of the invention, a first consideration for the optical source is that of 

optical efficiency. The optical efficiency of the display is enhanced if a majority of the 
light injected by the light source into the light storage plate arrives at internal surfaces of 
the light storage plate at an angle of incidence greater than the critical angle, and 
preferably at least 5° greater than the critical angle. Recall that the critical angle is that 
5 internal angle of incidence with a light storage plate surface that enforces total internal 
reflection of light in the storage plate, as was shown in Fig. 2. If the angle of incidence 
is at least 5° greater than the critical angle, the on/off ratio of optical intensity at each 
display pixel is then adequate for a nine-bit intensity modulation scheme. Therefore, if 
cost is not a concern for components of a display in accordance with the invention, a 
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light source embodied as a laser is preferred. Such a laser light source provides the 
ability to very precisely achieve a desired incidence angle of collimated light. 

For applications in which cost of the display components is a concern, a tradeoff 
between cost and optical efficiency is required. There are. however, several light source 
5 configurations provided by the invention that achieve reasonable optical efficiency at a 
relatively moderate cost. Considering one such scheme, the geometry of light injection 
from a light source into the light storage plate is illustrated in Fig. 13 A. The light 
storage plate 28, formed of. e.g.. Plexiglass™ is of a thickness T mm. A right-angle 
prism wedge 1 10. preferably of the same material as the light storage plate, is located at 
10 an edge of the storage plate in a configuration such that light entering the storage plate 
28 is at an incidence angle greater than the critical angle. This is achieved, e.g.. with a 
wedge triangle geometry in which the interior left corner wedge angle is equal to the 

desired incidence angle, ft. Incident light 1 14 is preferably injected into the prism 
wedge at an incident wedge face 1 12. in the direction normal to the wedge face. The 

15 incident wedge face is of a width W mm, where: 

W= 2Tsin0 t . (16) 
Once injected into the incident wedge face, the incident light propagates through 
the wedge 1 10 and into the storage plate 28. where it bounces off of the bottom surface 
116 of the storage plate and strikes the top surface 1 1 8 at the point where the wedge 

20 ends 120. Thereafter, a uniform, collimated beam of width W bounces back and forth 
between the top and bottom surfaces of the storage plate under the condition of total 
internal reflection, whereby a uniform, seamless illumination source for the mechanical 
light taps is achieved. 

In a first suitable light source configuration, shown schematically in Figs. 13B 

25 and I3C, a flash tube line source 122 is located parallel to a vertical edge of the storage 
plate at the focus of a cylindrical parabolic reflecting surface characterized by a focal 
length,/ The width of the line source 122 is given as a. and corresponds to an opening 
in a cylindrical reflector 126 that encircles the line source except for an opening of 
dimension a. This reflector opening is situated along the circumference of the reflector 
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such that light from the line source propagates only in a direction toward the parabolic 
reflecting surface 124. This parabolic reflecting surface can be formed of. e.g., 
metallized, cast polystyrene, or other suitable material. 

The line source and parabolic reflecting surface are positioned in relation to the 
light storage plate such that a collimated beam of width W is produced for injection into 
the wedge 1 14 positioned on one face of the storage plate. The geometric factors to be 
considered in setting this position are shown in the figures, and preferably are selected 
to satisfy conditions of total internal reflection within the light storage plate for a beam 
injected into the plate directly from a prism wedge such that the injected beam is a 
continuation of the beam propagating through the wedge. Assigning Cartesian 
coordinates in the y-z plane for the light source configuration, as shown, the light source 
is assigned a y-z coordinate position of (0.0). The geometric relationship between light 
produced by the light source and the parabolic reflecting surface is then given as: 

zsec0^r = 2/ y = z tan# = (z - A)tanG: (17) 

d = 0 - £2: and a 2 = -dtaaf2,„ 

where 0is the angle of a light ray originating at the origin (0.0) and propagating to the 
coordinate point (y.z) on the parabolic surface 124; Q is the angle of a light ray 
originating at the coordinate (a'2.0) and propagating to the same coordinate point (y,z) 
on the parabolic surface: A is the z coordinate at the intersection of the z axis by a light 
ray originating at the coordinate (a/2.0) and propagating to the upper edge of the 
parabolic reflector, with a coordinate point of (y ni .z mill ); 12 „, is the angle of the ray 

propagating to that upper edge: and <^is the angular deviation of a ray reflected from the 
parabolic reflector that does not fall within the collimated beam of width W. 

With these geometric definitions, the beam collimated beam width. W. and the 
numerical aperture. F. are given as: 

H'=2>„, = 27sind?,; F = /W (18) 
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If the numerical aperture. F. is set at about 2: the thickness. 7*. of the light 
storage plate is set at about 1 cm: and the angle of incident light. 6>. is set at about 50°: 
then based on these relationships, y„, = 0.766 cm; the focal length./ is about 3.064 cm; 
<An is about 14.24°; and z mm is about 3.018 cm. If A the angular deviation from a 
5 collimated beam width, is set to be about < 0.05 rad. then n m is about 1 1 .38°; A is about 
0.787 cm; and a is about 0.3 1 7 cm. These dimensions result in a configuration in which 
a light ray propagating from the opposite edge of the light source, i.e.. from coordinates 
(0,-a/2) to the point on the parabolic reflector ty mw z mm ) deviates from the collimated 
beam by an angle of about 0.049 rad. and a ray propagating from that same point to the 
10 center of the parabolic reflector deviates from the collimated beam by an angle of about 
0.052 rad. 

The light source configuration resulting from this geometric design is thus about 
a 0.3 cm-wide ribbon line source aligned in parallel with the vertical edges of the light 
storage plate and located about 3.064 cm in front of a parabolic, cylindrical reflecting 

15 surface for which F = 2 and having a focal length./ of about 3.06 cm. This produces a 
collimated beam having a width. W. of about 1 .5 cm. and a deviation from that width by 
no more than about 0.1 rad in the (y.z) plane normal to the ribbon source. An optical 
absorber surface 128 is preferably located along the direction of the beam collimation to 
absorb unwanted light rays propagating in directions outside of the collimated beam. 

20 This light source configuration is preferably duplicated on an opposite edge of the light 
storage plate such that a pair of such light sources illuminates the plate. 

There is a wide range of suitable geometric configurations for providing a color 
light source in accordance with the electromechanical display of the invention. In one 
particularly compact scheme, shown in Fig. 14. blue, green, and red sources, 144, 150, 

25 152. respectively, are aligned for direct injection of filtered light into the light storage 
plate 12. Here each source includes a white light line source 122. e.g.. a flash tube, and 
a parabolic reflector 124 having a reflector aperture of width X\\ defined previously as 
the beam width preferably to be injected into the storage plate for filling the viewing 
surface of the display with light. 



3NSDOCID: <WO 9731288A2_I_> 



WO 97/31288 



PCT/US97/00369 



49 

For the blue source 144. light reflecting from the parabolic reflector 124 is 
filtered through a dichroic minor that 142 that transmits the blue wavelength and 
reflects other wavelengths. The reflected red and green light is refocused onto the light 
source, where it is absorbed. This scavenged optical energy helps to heat the flash lamp 
tube and lowers the power budget of the overall light source system. The filtered blue 
light is then injected into a prism wedge 1 10 and thereafter directly injected into the 
light storage plate 12 through an additional blue filtering dichroic mirror 142. The 
prism wedge preferably is of about the same index of refraction as the light storage 
plate. As can be seen by the geometric relationship of the red and green sources with 
the blue source, the second dichroic mirror is required to trap in the storage plate red and 
green light injected into the storage plate at locations closer than the blue source to the 
end of the storage plate. 

Similarly, the green source 150 includes two green filtering dichroic mirrors 154. 
Light reflecting from the parabolic reflector 124 in the green source is filtered through 
the first dichroic mirror 1 54 such that the reflected light is absorbed and only the green 
wavelength is transmitted, which is injected into a prism wedge 1 10. and then directly 
injected to the light storage plate through the second green filtering dichroic mirror 154. 
This second mirror traps the red light produced by the adjacent red source 152. In this 
red source, light reflecting from the corresponding parabolic reflector 124 is filtered 
through a red filtering dichroic mirror 156. whereby the reflected light is absorbed and 
only the red wavelength is transmitted- This red light then is directly injected into a 
beveled edge 157 of the light storage plate, in which it is reflected first off the second 
green filtering dichroic mirror 154 and then off the second blue filtering dichroic mirror 
142. The second prism wedge, like the first, is preferably of the same index of 
refraction as the light storage plate. 

In this compact, direct-injection arrangement for the three color sources, the 
three flash lamps are turned on one at a time in sequence and in temporal 
correspondence with the three color subframe time durations defined by the line and 
column electrode addressing control scheme. As explained above, each sequential flash 
lamp "on" time would thus be about 50 msec. 



9731288A2_I_> 



WO 97/31288 



PCTYUS97/00369 



50 

The angular spread of light injected into the light storage plate with this light 
injection scheme is increased over the general configuration described above in Fig. 13, 
due to the use of a reduced distance between the light sources and corresponding 
reflectors to achieve an F factor of unity. This results in some fraction of the injected 

light being angled close to or even less than the critical angle. & c . defined for the light 
storage plate as the angle of internal surface incidence required to maintain total internal 
reflection of light within the storage plate. Recall that light is preferably angled at least 
several degrees greater than the critical angle to ensure that no light "leaks out" of a 
mechanical tap element when that element is in the "off* position. 

Enforcement of the critical angle is in this configuration achieved in the 
following manner. The geometric positions of the red. green, and blue filtering dichroic 
mirrors and the two wedges are set relative to edges of the light storage plate such that 
the red, green, and blue light injected into the plate is about, e.g.. 5° less than the 

intended angle of injection; i.e.. the injected angle, 8 tw = 6, - 5°. where # is the intended 
internal surface angle of incidence. An absorbing material layer 1 70. formed of. e.g., a 
layer of CrO. is located on the surface of the light storage plate at a position along an 
edge inward from where the red. green, and blue light is injected into the plate. Such an 
absorbing layer can consist of. e.g.. a thickness of about 0. 1 Mm and a length 
corresponding to the internal injected beam width at that surface of the plate, 
corresponding to about 27tan( 6 tnf ). The absorbing layer is preferably positioned about 
0.5 fim above the surface of the light storage plate. 

Because the absorbing layer 1 70 is immediately adjacent to the plate surface, any 
of the injected light having an injection angle, in the arc of injected angles, that due to 
the 5° reduction in angle is less than critical angle, will escape from the light storage 
plate surface and be absorbed by the absorbing layer. All other light will reflect back 
into the light storage plate. This reflected light then impinges a wedge reflector 172 on 
the opposite surface of the storage plate: this may consist of. e.g.. a geometric angling of 
the storage plate surface itself. The wedge reflector effectively adds 5° to the light 
impinging its surface, w hereby that light is adjusted to the intended angle of internal 
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incidence This arrangement ensures that the light propagating down the light storage 
plate into the display area is set at an angle of about 5 ° greater than the critical angle, 
and accordingly, minimizes the unintentional "leakage 1 * of light out of mechanical taps 
that are in the "off" position. The active display area corresponding to the array of 
5 mechanical taps is preferably inward from the reflecting wedge 1 72. such that stray light 
of angles less than of the critical angle do not propagate into that section. 

As can be readily understood, there are other equivalent schemes for minimizing 
the fraction of injected light that violates the conditions for total internal reflection 
within the light storage plate. For example, the use of an F-factor of about two or more, 
10 or the use of a single prism wedge filter of. e.g.. 5°. can be employed to add that wedge 
angle to all light injected into the plate: this last scheme does not. however, ensure that 
even with the angular addition no fraction of light still will not meet the condition for 
total internal reflection. Whatever scheme is employed, it preferably minimizes the 
fraction of light that can escape from the light storage plate in the area of the mechanical 
15 tap array when the taps in the array are •'closed." 

No matter what color range is provided by a given light source configuration, 
that configuration is preferably provided in duplicate, one on each of two opposing 
edges of the flat panel display, for enhancing optical efficiency of the display. The light 
that traverses the extent of the display from one light source to the other is refocused 
20 into the light source flash tubes, where it is absorbed and heats the tubes, thereby 

increasing the power efficiency of the tubes. A single color or white light source may, 
however, be acceptable in certain applications. 

Two opposing sources are also preferable based on the following considerations 
of intensity uniformity. As explained earlier, a good design rule for intensity of light 
25 emitted from the display is set based on the condition in which all pixels of the entire 
display are turned "on." In this case, it is preferable that about 50% of the light 
propagating through the light storage plate is emitted through mechanical light taps, the 
other about 50% of the light emerging at the edge opposite from that at which it was 
injected. For the condition in which all pixels are "on." one can reasonably approximate 
30 the loss of light out of the display across its length by a continuous dissipation function. 
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Based on such a function, the intensity of that light which propagates the entire length of 
the display, when it reaches the end of the display, is given as: 

= (19) 
where 1 Q is the intensity of light at the end of the display. l m is the intensity of light at its 
injection point into the display, L is the length of the display, i.e.. the length of the light 

storage plate, and a is the decay constant. 

If it is specified that I 0 ^IJ2, i.e., that about 50% of the injected light propagates 
the entire length of the display and emerges at the opposite end. then correspondence 

(19) above sets the value of the decay constant, or, at about 0.693 Nepers/m. If only one 
light source is employed at, e.g., the left edge of the display, then correspondence (19) 
indicates that pixels at the right edge of the display will emit light having an intensity 
that is only about 50% of that for pixels at the left edge of the display. 

If two light sources are instead employed, one on each vertical edge of the 
display, then the dissipation function of light intensity across the display gives the 
intensity, at any point, z, on the display, where the center point of the display is set as 
the origin, as: 

/ r = l tn e- ai *- :) + e' a< ^ :) = 2J m e' Qi ^ cosh(az). (20) 
Based on this expression, it is seen that when two vertical edge light sources are 
employed, the highest intensity light emined by the display is at the edges, that is, the 
point of highest intensity on the display is at edge points of the display. But as 

mentioned previously, given a value for the decay constant, or, that corresponds to about 
a 50% emergence condition, then the intensity at the center of the display, setting z = 
L/2 in correspondence (20), is only about 6% less than the intensity at the edges of the 
display, and the decay in intensity from the edges to the center is smooth (and thus 
hardly noticeable to the viewer). Thus, the use of two light sources provides a 
substantial improvement, both real and perceived, over the use of a single light source 
alone. 

For very large displays, displays employing relatively weak optical sources, or 
displays that employ a light storage plate exhibiting high optical losses, it may be 
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preferable in many circumstances to include multiple light sources and light sinks, 
positioned at points across the face of the light storage plate on the back surface of the 
plate, to compensate for optical losses. In one example configuration, light sinks and 
sources are provided at points along the display where the optical intensity is 
presupposed to drop below one-half the intensity of light at the display edges where it 
was injected. 

Referring to Fig. 15. in one such light source/sink, a prism wedge 110 is 
positioned next to the back surface 1 73 of the light storage plate 12. The prism wedee i 
preferably of the same index of refraction as the light storage plate: light beams 
propagating through the storage plate from either edge of the display (where light 
sources are positioned ) are thereby efficiently coupled from the back surface of the lieht 
storage plate into the prism in the location of the prism. The prism facets 1 75 are 
preferably cut such that they are perpendicular to the light beams coupled from the light 
storage plate into the prism wedge. Light beams coupled into the prism wedge are 
directed to one of two light sources each including, e.g., a flash lamp 122 and a 
parabolic reflector 124 in a geometric relationship such as that given in Fig. 13. The 
coupled light is absorbed by the flash lamps, in a phenomena discussed above. At the 
same time, each of the two light source flash lamps injects light into the light storage 
plate through the prism wedge, after which the injected light propagates through the 
plate. The injected light is preferably provided at the same intensity level as that of the 
light injected at the display edges. 

This scheme provides the ability to extract weakened light out of the light 
storage plate and replace it with light of the desired initial intensity. Because this 
scheme extracts the weakened light out of the back surface of the light storage plate, the 
electromechanical taps located in the vicinity of the storage plate front surface are 
unaffected, and no effects of the backside extraction/injection are noticeable to viewers. 
Thus, any number of source/sink locations can be accommodated by the storage plate. 

Referring to Fig. 16. an array of source/sinks can be provided for each color in 
the range of colors of light injected into the storage plate. For example, edge light 
sources 1 80 for a first color can be located at each edge of the light storage plate, with 
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one or more source/sinks 1 82 for that same color located at one or more points along the 
back surface 173 of the plate. Similarly, edge light sources 184 for a second color can 
be located at each edge of the light storage plate with one or more source/sinks 1 86 for 
that color located at points on the back surface 1 73 of the plate. In this scheme, the back 
5 surface of the plate is populated with source/sinks for each of the colors injected into the 
storage plate. Each source/sink site is selected based on the spatial profile of intensity 
loss expected for a given display configuration and material component selection. 

Because the various optical color source schemes described above employ 
discrete white light line sources, the intensity of light emitted from the display may vary 

10 with the position along the display at which the light is emitted in these configurations. 
This effeci is minimized with a scheme whereby, e.g.. a ROM look-up table is included 
in the display electronics, for storing compensatory calibration factors that are a function 
of the duration of operation of the display. In this scheme, the initial display intensity 
variation is calibrated at the time of display manufacture, and the corresponding 

15 compensatory calibration factors are stored in the ROM. Then, as use of the display 
progresses in time, a control circuit, e.g., a microprocessor controlling the column and 
line electrode voltage application, employs the ROM look-up table for adjusting, e.g., 
the number of bits per pixel, the pixel addressing times, or other factors as specified by 
the look-up table. In one such scheme, e.g.. the number of weighting bits per pixel is 

20 increased from eight to nine, in order to preserve the appearance of an eight-bit intensity 
weighting for the display viewer. 

Considering now the specifications for the flash lamps used as line light sources 
in the various color source schemes described above, one important consideration is the 
preferable white luminance level for the display. A white luminance level on the order 

25 of 500 candles/m\ i.e., 500 lumens/steradian-m 2 , is acceptable for a large display, with a 
photometric efficiency of about 30-60 lumens per watt of input power for flash lamps 
operating at about 1000 amps/cm 2 . The light flux output, F s . of a typical flash tube may 
be approximated to be about 45 lumens/watt. 

In the light source configurations provided by the invention, the flash lamp tube 

30 is silvered around its circumference except for an angular section corresponding to the 
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location of a parabolic reflector positioned a distance from the tube. If it is assumed that 
the light emitted from this angular section is Lambertian. then the luminous intensity. /, 
produced by an input flash lamp power, P„ is determined, for the value of F s given 
above, as: 

/ = 0.23 F s P t = 1 QAP, lumens/steradian (2 1 ) 

where the factor 0.23 corresponds to the proportion of optical flux emined into one 
steradian normal to the emitting surface of the flash lamp, relative to the total surface of 
the flash lamp. This large acceptance angle is a direct consequence of the use of a lieht 
scattering surface 32 on the movable tap beam 28 (Figs. 3A-3C). This in turn permits 
the use of inexpensive incandescent light sources instead of lasers or elaborate but 
inefficient, highly collimated light sources. 

In the optical source designs discussed above in accordance with the invention, 
each parabolic reflector produces a beam that is unconstrained within the plane and 
collimated in the plane normal to the axis of the flash lamp line source. A reflector for 
which the numerical aperture, F y is set equal to two and for which, as in the 
configurations above, the flash lamp source is located at the focus of the parabola, 
produces a beam having a solid angle, iP, that is given by: 

!P= 2ian l (y,„/z min )x] steradians, (22) 
Where y m and z mm are the coordinates of the most remote point of the reflector parabola, 
as defined in Fig. 13C. 

The luminous flux, F ium , entering the edge of the plate from the light source is 
given as: 

F ium = 10.4 lumens. (23) 
Given that the desired luminance for the display is about 500 lumens/steradian-m\ that 
the angular spread of the viewing volume is about 2 steradians. that the display area is 
about 0.6 nr. and based on correspondence (22). using>'„, and z mm coordinates of (0.766 
cm, 3.018 cm), then assuming a relatively lossless system, the input power. P t% of the 
flash lamp light sources is preferably about 1 16 \V. This is provided by, e.g.. two 60 
cm-long flash tubes each having the specifications described above. 
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As mentioned previously, there are many light sources alternative to those 
described above that can be suitably employed in the flat panei display scheme of the 
invention. The invention is not limited to a particular light source configuration, but 
rather, generally contemplates any light source configured to inject light into a light 
5 storage plate in a manner that sets up conditions for total internal reflection for the 

injected light. For example, an array of laser diodes or other reasonably compact laser 
configuration can be employed to inject light into the light storage plate. Each laser or 
laser diode here preferably is associated with a corresponding lenslet to collimate the 
light. The resulting collimated point beam is then converted to a collimated line source 

10 using, e.g., a cylindrical lens. 

A flat panel display system in accordance with the invention is manufactured by. 
e.g.. configuring a light source with a light storage plate after a mechanical tap element 
array is fabricated and assembled with the light storage plate and a viewing substrate. 
Many fabrication and assembly processes are suitable; for a given application, 

15 considerations of cost and desired performance determine specific fabrication and 
assembly guidelines, as will be understood by those skilled in the art. In a multi- 
component system like the display system of the invention, there are many cost- 
performance trade-off opportunities. 

In one example fabrication process, standard microelectronic materials and 

20 processing steps are employed to produce a mechanical tap element array. This enables 
a batch fabrication process in which efficiencies and uniformity provided by processing 
many display components simultaneously and under the same processing conditions can 
be exploited. However, this is but one of many suitable fabrication processes, and the 
invention is not limited to this specific process; it is provided as an example of the 

25 application of suitable and conventional microelectronic as well as liquid crystal 

fabrication techniques to the invention. With such processes, transparent fused quartz is 
preferably employed as a light storage plate material, in the form of, e.g., a fused quartz 
plate. The dimensions of the plate preferably correspond to the dimensions of the flat 
panel display, and thus can range from the size of standard microelectronic substrates, 
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e.g.. 2-inch. 4-inch. 6-inch. 8-inch, or other size diameter, to plates of several square 
feet. 

Whatever size display is selected, it is preferable that a single quartz plate 
embody the entire expanse of the display's light storage plate. Standard processing 
techniques now exist for fabrication of, e.g., expansive liquid crystal displays, whereby 
plates of several square feet are accommodated. Such techniques are described in, e.g.. 
Liquid Crystal Flat Panel Displays: Manufacturing Science and Technology, by W. C. 
O'Mara. Van Nostrand. 1993. In the invention, it is preferable to employ processing 
techniques that similarly accommodate a desired quartz storage plate dimensions. If. 
however, a plate of the necessary dimensions or a suitable processing facility is 
unavailable, then the corresponding light storage plate expanse can be obtained by 
mechanically and optically coupling multiple quartz plates in the desired dimensions. 

In a first fabrication step, a quartz plate of selected size, shape, and of a 
thickness of. e.g.. about 5 mm is cleaned and if desired, opaque reference marks are 
produced on the substrate for use as alignment marks if automatic photolithographic 
techniques are available for automating various of the fabrication processes. 

Referring to Fig. 1 7A. the quartz plate 200 is then blanket coated with, e.g., a 
positive photoresist layer, which is exposed to a mask and developed for defining an 
array of light storage tap mesas or other desired geometry for contact areas on the plate. 
The substrate is then exposed to an isotropic chemical or dry etch. e.g.. a standard 
plasma etch or a buffered hydrofluoric acid (BHF) etch, for a time sufficient to remove a 
surface layer of substrate material in the areas not protected by a mesa mask pattern 202. 
This results in formation of an array of light storage plate tap mesas, one of which (26) 
is shown in the figure. The photoresist mask 202 is then removed, and the substrates are 
cleaned. 

Processing of the viewing substrate is then begun as follows, referring to Fig. 
17B. Like the light storage plate, the viewing substrate can be embodied as a quartz 
substrate, e.g., of about 5 mm in thickness and ranging in size between several inches 
and several feet. First the quartz viewing substrate 206 is blanket-coated with positive 
photoresist and exposed to a mask defining an array of small squares 212. This array 
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corresponds to stand-offs 46 thai maintain a spacing between the viewing substrate and 
a mechanical light tap when the tap is actuated toward and in contact with the viewing 
substrate. The photoresist-coated substrate is etched with. e.g.. an ion beam etch 208, to 
remove about, e.g., 200 A from the substrate in unmasked areas and produce an array of 
5 stand-offs 212 each masked with a photoresist layer. The resist is then removed and the 
substrate cleaned. 

Next, the substrate is coated with about a 1000 A-thick layer of metal, e.c. a 
layer of a titanium-platinum alloy. This is produced by, e.g.. evaporation. The metal 
layer forms the line electrodes on the viewing substrate. This layer is blanked coated 

10 with a layer of positive photoresist and exposed to a mask that defines the "stripes" 216 
of the line electrodes, as shown in Fig. 8, and that defines the windows in each line 
electrode through which light is coupled from a mechanical light tap out through the 
viewing substrate and into a viewing volume. The photolithographic mask also 
preferably provides the metal geometry at the peripheral edges of the viewing substrate 

15 for connecting each line electrode to a corresponding driver circuit like that shown in 
Fig. 12. 

A reactive ion beam etch 214, shown in Fig. 1 7C. is then undertaken to etch the metal 
layer 216 in areas not protected by the photoresist layer 21 8. The resist is then removed 
and the substrate cleaned. For some applications, the metal line driver circuit 

20 connections at the periphery of the viewing substrate are preferably thicker than the 

metal lines themselves. Multiple metal deposition and etch steps can be undertaken at 
this point to achieve a desired thickness for the metal connections. 

Then, as shown in Fig. 17D, a layer of silicon nitride 218, e.g., of about 1000 A 
in thickness, is blanket coated over the metal line electrodes 216 and the quartz substrate 

25 206 in the region of the optical coupling window 43. This silicon nitride layer, which 
can be produced by. e.g.. low pressure chemical vapor deposition, is employed as an 
etch stop layer in later fabrication steps. Note that the spacers 212 previously etched in 
the substrate provide a corresponding topology to the metal and the silicon nitride 
layers; this corresponds to the viewing substrate spacers 44 of Fig. 4. 
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The quartz viewing substrate 206 is then blanket coated with a layer of, e.g., 
SiCK to form the supports 40 fin Fig. 4) that hold a mechanical light tap a prespecified 
distance out of contact with the viewing substrate in regions, corresponding to the line 
electrodes, outside of the light coupling window 43. The viewing substrate supports 40 
are of a height corresponding to a desired normally fci on % or normally "off' 
configuration. In one example configuration, the viewing substrate spacers are of about 
1 jim in thickness. 

Once a layer of oxide is deposited, that layer is blanket coated with positive 
photoresist, which is exposed to a mask that defines the supports, and is developed. 
Then, as shown in Fig. 17E. an isotropic etch 220. e.g.; a wet BHF etch, is employed to 
etch the oxide layer 222 and undercut the layer of resist 224. The underlying silicon 
nitride layer 21 8 is substantially resistant to the wet etch and thereby protects the metal 
layer 21 6 and the quartz substrate 206 from the etch. The resist is then removed and the 
substrate cleaned. Thereafter, as shown in Fig. 17F. an additional layer of silicon nitride 
226, of, e.g.. about 2000 A in thickness, is blanket deposited over the substrate to act as 
an additional etch stop in later process steps for protecting the viewing substrate 
supports. 

Micromechanical tap beam elements are then fabricated using surface 
micromachining techniques with the viewing substrate 206 serving as the platform 
support during the tap beam fabrication sequence. In the first step, as shown in Fig. 
17G, a layer of polycrystalline silicon (poly-Si) 228 is blanket deposited using, e.g., 
standard chemical vapor deposition techniques. This poly-Si layer serves as the 
sacrificial micromachining layer in the final surface micromachining release etch of the 
micromechanical tap beams. Accordingly, the poly-Si layer can be doped to achieve a 
desired etch rate and selectivity. For example, the poly-Si layer can be doped with 
phosphorous to enhance the rate at which the poly-Si layer etches. Because the poly-Si 
layer is employed as a sacrificial layer, not a structural layer, its morphology is not of 
particular importance, and standard deposition techniques are adequate. 

The poly-Si layer 228 is preferably deposited to a thickness at least as great as 
that of the silicon dioxide supports 222. Once deposited, the poly-Si layer 228 takes on 
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the topology (not shown ) of the supports. The poly-Si layer is then planarized; this 
planarization can be produced by, e.g.. chemical lapping via a conventional slurry 
polishing, by chemical etching with an etchant to which silicon nitride is resistant, or 
other suitable process. As a result, the poly-Si layer 228 is smoothed such that its top 
5 surface 230 coincides with the top surface of the silicon nitride layer 226 covering the 
viewing substrate supports 222. This results in a filling of the "trough" between the 
supports 222 with a sacrificial poly-Si material and provides a smooth flat surface for 
subsequent photolithographic steps. 

A blanket coating of resist is then deposited, and then as shown in Fig. 1 7H, the 

10 resist 231 is exposed to a mask having openings corresponding to the optical window 43 
in the viewing substrate 206. The poly-Si sacrificial material 228 is then etched 232 in 
the unmasked areas to produce a recess 234 in the poly-Si. This recess can be produced 
by. e.g.. a standard plasma etch. As with the other poly-Si plasma etch steps in the 
display fabrication sequence, the gases employed in this plasma etch step can be SF 6 , 

15 CF*, CI2, CCI3F, or other gases or gas combinations suitable for poly-Si. Alternative 
wet chemical etches such as a water-based solution of potassium hydroxide (KOH), 
hydrazine (N2H4), ethylene-diamine/pyrocatechol (EDP). or other suitable poly-Si 
etchant can be employed. Whatever etch technique is employed, the resulting recess is 
preferably about, e.g.. 0.5 fim-deep. 

20 The poly-Si recess 234 is produced to provide a mechanism for forming a 

Lambertian. forward-scattering surface on the upper side of the mechanical tap beam. In 
this process, as shown in Fig. 1 71. a solution of inert microscopic particles, e.g., a 
solution of polystyrene beads suspended in, e.g., water, is dip-coated onto the substrate. 
Given that the suspension is water-based, areas of the substrate away from the central 

25 scattering area can be coated with a hydrophobic layer so that the solution of panicles 
adheres only to the desired scattering area. Given an alternative configuration in which 
the suspension is not water based, other surface coatings can be employed. The 
suspension of beads 236 settles into the 0.5 jam-deep recess formed in the previous 
steps. Given this settling mechanism, it is preferable that the recess be etched to a depth 

30 corresponding at least to the size of the beads to be used in this process. Once a layer of 
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microscopic beads 236 has been supplied into the recess, a directed ion-beam etch 238 is 
undertaken to roughen the poly-Si surface in the area of the beads 236 in the recess. In 
one example process, an Ar ion beam is directed to the scattering area in a background, 
gas of CI. This results in a topology on the poly-Si surface corresponding to ion-beam 
5 induced damage produced in cooperation with the beads. Any bead remnants remaining 
in the recess are removed by standard procedure such as plasma ashing, rinsing with 
acetone and methanol, or other suitable cleaning procedure. 

In a next process step for forming the forward-scattering surface, a layer of 
silicon dioxide is deposited as a thickness of. e.g., about 2 jim. This deposition may be 
10 produced by, e.g.. LTO LPCVD. Then, as shown in Fig. 1 7J. a photoresist layer is 

deposited, exposed to a mask, and developed to produce photoresist islands 240 in the 
area corresponding to the recess 236 in the poly-Si 228. Note that the silicon dioxide 
fills in the recess 236. Thereafter, the unmasked silicon dioxide areas are etched, e.g., 
with a BHF chemical wet etch, to remove the unmasked silicon dioxide. The poly-Si 
15 and silicon nitride layers are effective etch stops for this silicon dioxide etch. This 
results in silicon dioxide islands 242 underlying each photoresist island 240. 

The photoresist is then removed, and the silicon dioxide islands 242 are 
chemically lapped using, e.g.. a chemical polishing procedure like that described above. 
As shown in Fig. 1 7K. the chemical lapping or other etching process is preferably 
0 continued until the top surface of the silicon dioxide islands 242 substantially 

corresponds with the top surface 230 of the poly-Si 228. The silicon dioxide islands 
thereby become a filler material in the poly-Si recess. 

The micromechanical tap beam material is then deposited. In the case of an 
actuation scheme in which the tap is actuated by a combination of electrostatic and 
5 mechanical restoring forces, the tap beam material preferably consists of e.g., a silicon 
nitride film under tensile stress. For example, LPCVD silicon-rich silicon nitride is 
well -characterized as exhibiting a built-in tensile stress of between about 3 x 10 9 - 3 x 
10 10 dynes/cm 2 ; this range of tensile stress is adequate for the regime of restoring force 
employed to actuate the tap beam. If instead of a tensile restoring force, a compressive 
> restoring force is desired. PECVD silicon nitride, can be employed as the tap beam 
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material. PECVD silicon nitride exhibits a compressive stress in the range of 1 0 9 - 3 0 J0 
dynes/cm 2 . Standard plasma and low pressure chemical vapor deposition processes can 
be employed for producing such films, or other stochiometry of film that is in a desired 
state stress. If a three-electrode, electret, or other tap beam actuation scheme is 
5 employed, the tap beam material need not provide a specific internal restoring force, but 
it is preferable that the tap beam exhibit a degree of internal stress sufficient to hold the 
beam substantially level; i.e.. such that the beam does not sag between supports. 
Polyimide, oxides such as silicon dioxide, various nitrides, or other materials can be 
employed in this case. 

10 The composition of the mechanical tap beam material also provides a 

mechanism for tailoring the electrical conductivity of the mechanical tap beams. This is 
an important parameter based on the following considerations. During operation of the 
mechanical taps, periodic application of a potential difference between the mechanical 
tap and the light storage plate or viewing substrate can result in a build up of surface 

15 charge on the dielectric tap material. This build up can occur due to the periodic. 

polarizing field, through a slow drift of ions or electrons in the material, or by attraction 
of ionized particles in the ambient gas to the dielectric surface. When the applied 
potential difference is turned off, this charge remains on the tap material, and can result 
in an electrostatic field that holds the tap and substrate or plate together. 

20 Although this tendency can be greatly reduced by reversing the polarity of the 

applied electric field periodically, if such a scheme is not feasible, it can also be reduced 
by providing a weak level of conductivity in the tap. preferably with a time constant 
greater than about, e.g.. 10 msec, to provide a leakage path for any built up charge out of 
the mechanical tap. The resistivity of a silicon-rich silicon nitride film can be tailored to 

25 achieve a desired conductivity to address this attraction tendency. 

Turning back to the example fabrication process, the silicon nitride film is 
blanket deposited to a thickness of, e.g., about 1 [im. Then the stand-offs (54 in Fig. 4) 
to be located on the lower side of the tap beams are formed on the top surface of the 
silicon nitride film: this top surface becomes the lower mechanical tap beam surface 

30 when the display is assembled. Recall that the tap beam stand-offs are employed to 
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reduce Van der Walls sticking forces and to achieve a desired degree ot optical coupling 
between the light storage plate and the tap beam for various beam pixel magnitudes. 

A blanket layer of photoresist is deposited and then exposed and developed to 
produce a pattern corresponding to arrays of stand-offs, each array located at a point on 
the silicon nitride layer that corresponds to a silicon dioxide-filled recess under the 
silicon nitride layer. A conventional plasma-assisted ion-beam etch, or other suitable 
etch, is then undertaken to etch the unmasked silicon nitride layer by about, e.g., 200 A, 
whereby stand-offs corresponding to the 200 A etch are produced. The photoresist is 
then removed and the wafers cleaned. 

At this point, stand-offs 54 (shown in Fig. 4) exist on the top surface of a silicon 
nitride layer that forms the mechanical tap beam material. Then, as shown in the figure, 
a metal layer is deposited and patterned to form column electrodes for the underside of 
each mechanical tap beam. Here a layer of metal, e.g.. a 1000 A-thick layer of a 
chromium-platinum alloy, is evaporated, after which photoresist is deposited and 
patterned to mask the areas of the metal corresponding to the tap beam column 
electrodes. The unmasked metal areas are then etched by, e.g., a plasma-assisted ion 
beam etch, to define the column electrodes. Note that the topology of the stand-offs 54 
is replicated in the metal layer topology. 

Preferably, this metal deposition and etch step also produces the geometry of 
metal column electrode connections at the ends of each of the beams in the manner that 
that the line electrode metal deposition and etching on the viewing substrate produced 
line electrode connections. In the case of column electrode connections, each beam 
preferably is provided with a metal column connection geometry and any necessary 
wiring pattern for configuring the beam for its intended pixel bit position and for 
making connection to a corresponding column driver circuit like that shown in Fig. 12. 
As with the metal line circuit connections, the metal column circuit connections at the 
ends of the beams might in some cases preferably be thicker than the metal columns. 
Repeated metal deposition and etching steps can be employed to accomplish this or 
alternatively, separate metal deposition and etching steps can be employed for 
constructing the column lines and the column line connections. 
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Next the mechanical tap beams are themseives defined in the silicon nitride 
layer. Photoresist is blanket deposited, exposed, and developed 10 produce a pattern of 
tap beams that correspond to the tap beam column electrodes, and to produce a pattern 
of tiny holes on each tap beam. The pattern of holes covers the entire beam; i.e.„the 
5 holes are also located on the areas covered with column electrode metal. Then the 

unmasked electrode and beam materials are etched. The electrode geometry is thereby 
produced using, e.g., a standard lift-off process, and the silicon nitride is etched using, 
e.g., a Cl-based plasma etch process. This etch stops on the poly-Si underlying the 
silicon nitride layer. The etch thereby defines the lateral extent of each mechanical tap 
10 beam. 

The etch also produces holes (not shown) through the thickness of the column 
electrodes and the mechanical tap beam corresponding to the mask holes. These holes 
provide two functions. First, they allow liquid etchant to penetrate through the tap beam 
element and attack the sacrificial poly-Si layer in a last surface micromachining release 

15 step. In operation of the mechanical taps, they also provide an escape route for any air 
trapped between a tap beam and either the light storage plate or the viewing substrate as 
the tap beam is actuated toward the plate or substrate. The holes are preferably of such a 
small size in relation to the overall tap beam size that they do not impact the mechanical 
properties of the tap beam. 

20 The top surface of the beams is then blanket coated with a layer of silicon 

dioxide of about, e.g., 2 jim in thickness, produced by, e.g.. a low temperature chemical 
vapor deposition process that forms Si0 2 . This silicon dioxide layer defines the spacers 
(48 in Fig. 4) that separate the mechanical tap beam from the light storage plate. The 
thickness of the silicon dioxide layer is set by the desired mechanical tap configuration; 

25 as explained earlier, in some configurations the spacers are shorter than the light storage 
plate mesa (e.g., the normally "on*" configuration) while in others they preferably are 
taller than the mesa. The silicon dioxide layer thickness is accordingly set for a desired 
spacer height. 

A blanket coating of positive photoresist is then deposited and exposed to a 
30 mask defining the spacer locations. After development of the resist, the substrate is then 
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exposed to an isotropic chemical wet etch, e.g.. BHR or a dry etch, to remove the 
unmasked oxide. This etch results in spacers 48 as shown in Fig. 4. that will space the 
tap beams from the light storage plate once assembled. This oxide deposition and 
etching process can be employed to simultaneously produce a bordering oxide O-ring 
for later use in attaching the light storage plate to the viewing substrate. Such an O-ring 
(not shown) consists of a continuous oxide strip located at the periphery of the quartz 
plate. 

At this point in the fabrication process, the mechanical tap beams are laterally 
defined and are lying on a poly-Si layer and silicon dioxide supports. The mechanical 
tap beams are released such that they are free to move vertically by way of removal of 
the underlying poly-Si sacrificial layer. This is accomplished by. e.g.. submerging the 
entire substrate into an etch solution that preferentially attacks poly-Si and does not 
substantially attack silicon nitride, silicon dioxide, or metal alloys. Example poly-Si 
preferential etches include, e.g., potassium hydroxide-water solutions (KOH). sodium 
hydroxide-water solutions (NaOH). Ethylenediamine Pyrocatechoi-water solutions 
(EDP), and HF:HN0 3 . The doping level of the poly-Si and the deposition conditions of 
all the materials in a given fabrication sequence determine the specific etch selectivity of 
each material to a selected etchant in a given fabrication process. The arrays of holes 
produced in the mechanical tap beams aids in delivering the etchant to the underlying 
poly- Si layer at points along the tap beam width. As a result, the etchant can completely 
undercut the width of the beams by attacking various lateral areas simultaneously, rather 
than propagating inward from the edges of the beams. This decreases the required etch 
time and in turn, this reduces the required etch selectivity of the materials used. 

As is well-known, strong attractive forces can be generated between released 
structures and the underlying substrate when, at the end of a micromachining release 
etch procedure, the substrate is removed from the etch solution. The three main causes 
of such forces have been identified as liquid surface tension. Van der Waals forces, and 
electrostatic forces. Typically, these forces draw a released element to the substrate and 
hold the element there with a force greater than that which can reasonably be applied to 
counteract the force. 
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In an effort to minimize such forces, any one of several possible post sacrificial 
etch rinses is preferred. In one such rinse procedure, the substrate is maintained in the 
etch bath at the end of the etch period and the bath is diluted/flushed with water until the 
bath includes only water. This can be accomplished by, e.g., positioning a tube in the 
5 bath that is connected to a water source and allowing the bath liquid to run over the 
sides of the bath container into, e.g.. an acid waste sink. 

The water bath is then continually flushed with additional water for some period 
of time, e.g., 5 minutes. At this point, the water bath is then diluted/flushed with an 
alcohol, e.g., methanol, until the bath liquid includes only the alcohol. This alcohol 

10 flushing is then maintained for some period of time. e.g.. 5 minutes. Then the bath, with 
the substrate remaining in bath, is subjected to. e.g.. a high temperature environment 
such as an oven set at 65° C. The oven temperature is selected based on the particular 
alcohol used; the temperature is preferably high enough to boil the alcohol and 
effectively evaporate the bath solution. Alternatively, the bath solution can be freeze- 

15 dried in a vacuum chamber. In either case, the bath solution is preferably converted 

directly from a liquid to a vapor, whereby strong surface tension forces are not created, 
and the released mechanical tap beams are not attracted to or "stuck" to the substrate. If 
a final boiling or freeze drying step cannot be accomplished, a final rinsing with a low 
surface tension liquid such as methanol is preferred to provide some degree of surface 

20 tension reduction. 

At the completion of the micromachining release etch, the mechanical tap beams 
28, as shown in Fig. 4. are suspended over the area where the poly-Si was removed and 
are supported by the silicon dioxide supports 222. as shown in Fig. 1 7G. A Lambertian 
forward-scatter surface 32 is formed on the beam by a silicon dioxide protrusion 242 as 

25 shown in fig. 17K that corresponds to the depth of the recess formed in the poly-Si in 
earlier steps. Once removed from the etch bath container, the substrate is preferably 
kept in a dry box and protected from dust and other contaminants until it is assembled in 
the display configuration. 

In assembly of a flat panel display employing the fabricated mechanical tap 

30 beams, the viewing substrate 206 is aligned with the light storage plate 200 such that the 



3NSDOCID: <WO 9731288A2J_> 



WO 97/31288 



PCT/US97/00369 



67 

array of mesas 26 on the light storage plate spatially corresponds to the array of 
Lambertian scattering surface areas 242 on the mechanical tap beams and the optical 
aperture.43 in the line electrodes of the viewing substrate 206. This lateral alignment is 
shown in Fig. 4. 

After aligning the light storage plate with the viewing substrate, the plate and 
substrate are pressed against the spacers and O-ring such that in. e.g., a normally 4 'on" : 
configuration, the lower surface of the mechanical tap beams are each in contact with a 
corresponding light storage plate mesa. Once in proper alignment and in contact, an 
adhesive sealant, e.g., a type of caulk, is applied along the outer edge of the O-ring 
around a majority of the. circumference of the O-ring. Then, the ambient gas in the 
space between the plate and the substrate is partially evacuated and a selected gas is 
optionally introduced. This gas can consist of dry air. nitrogen, or other suitable gas. 
Once a desired level of evacuation is obtained, the remaining circumference of the O- 
ring is adhesively sealed with, e.g., caulk. The substrate and plate are held together by 
the differential air pressure and by the adhesive sealant along the edges of the O-ring 
circumference. At this point the mechanical tap beam elements are protected by virtue 
of the sealed environment formed between the light storage plate and the viewing 
substrate. Although this configuration is preferable for maintaining mechanical integrity 
of the taps, the mechanical tap array can alternatively be operated without use of a 
viewing substrate, as explained earlier. 

Final assembly steps for manufacturing the flat panel display are directed to 
connection of electronics and optical sources to the display. In one example assembly 
sequence, conventional flip-chip bonding techniques are employed to attach line and 
column driver chips and associated timing and control circuitry to the column and line 
electrode connections formed previously, at the periphery of the viewing substrate. 

In a final assembly step, light sources are configured at one or more edges of the 
light storage plate. As explained in detail above, the light sources are preferably 
attached in a configuration whereby efficient, direct coupling of light from the light 
sources into the storage plate is achieved and total internal reflection of light injected 
into the plate is maintained. Accordingly, it is preferred that an index matching fluid be 
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employed to affix the optical source prism wedges to the light storage plate such that 
substantially true optical contact is obtained between the surfaces. 

The light sources and their connections to the light storage plate, as well as the 
electronics on the periphery of the viewing substrate, can be protected with an outer 
5 peripheral housing (not shown) that encloses edges of the display such that the 

electronics and light sources are mechanically protected from, e.g., tampering. Plastic, 
metal, or combination materials can be employed for such a housing in anv convenient 
geometry that provides adequate protection. 

As explained previously, many alternative fabrication and assembly techniques 
10 are contemplated by the invention. For example, an array of rectangular or hexagonal 

pieces of fused quartz, each on the order of. e.g.. inches, can be mechanically attached to 
each other in an array to produce either or both a composite quartz light storage plate 
and composite viewing substrate of much larger dimensions. Such a composite display 
configuration has obvious disadvantages, including imperfect optical coupling between 
15 quartz pieces and suboptimal viewer appearance. However, as mentioned previously, if 
a fabrication facility cannot accommodate a desired quartz piece size, a composite 
scheme might provide an adequate alternative. Electrical connections on a composite 
quartz viewing plate, such as the line electrodes, can be coupled between quartz pieces 
of the array by. e.g.. silk screen processes or other such printing techniques. 
20 As will be recognized by those skilled in the art. the light storage plate, viewing 

substrate, and mechanical tap beam components of the flat panel display can be formed 
from any of a range of materials other than those specifically described in the fabrication 
sequence above. Considerations of material performance for a given cost guide 
materials selection. For many applications, microelectronic materials and fabrication 
25 processes provide the most cost effective components and manufacturing techniques for 
a given cost. Aside from silicon nitride, mechanical tap beams could be formed of 
silicon dioxide or other dielectric material, including, e.g.. polymer materials. Whatever 
tap beam material is selected, it preferably exhibits etch resistance to an etchant of the 
material selected as a sacrificial layer for releasing the tap beams. Accordingly, e.g., 
30 poly-Si can be employed as a sacrificial layer companion material to a silicon dioxide 
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tap beam material, or silicon dioxide or silicon nitride can be employed as a sacrificial 
layer companion material to a poly-Si tap beam material. Alternatively, a conventional 
bulk micromachining process can be employed wherein, e.g., bulk silicon in the form of 
silicon wafers is etched and subsequently bonded together to produce an array of 
5 suspended single crystal silicon tap beams. As will be understood by those skilled in the 
art, other beam materials and surface or bulk micromachining schemes are also suitable. 

Considering manufacturing processes other than those associated directly with 
microelectronics, the mechanical tap beam configuration and flat panel display of the 
invention can be manufactured by way of a plastic molding and printing process in 

10 accordance with the invention. While the fabrication sequence described above employs 
many fewer processing steps than conventional display manufacturing sequences, the 
plastic molding process of the invention further simplifies display manufacture by 
eliminating micromachining steps. 

Referring to Fig. 18A. in a first step of the plastic display manufacturing process, 

15 a mold 300. e.g., a machined metal mold, is formed with standard molding techniques to 
produce a mold geometry for a plastic light storage plate. This plastic light storage plate 
is then cast in the mold via conventional plastic molding processes. A plastic material 
such as polystyrene, polycarbonate, or other suitable clear plastic material with good 
transparency to wavelength of interest, is cast in the mold to produce a cast light storage 

20 plate 302. The cast light storage plate includes topology defining mesas 26 and spacers 
48 in accordance with the mechanical light tap geometry of Fig. 4. Once cast, the plastic 
light storage plate 302. is removed from the mold and as shown in Fig. 1 8B, an electret 
66 is ion implanted 304 in the plate to produce a static layer of charge for 
electrostatically actuating a mechanical tap beam. Alternatively, a metal layer such as 

25 aluminum, silver, or other standard conducting vacuum-deposited material is deposited 
on the plate to provide both an actuating electrode and a high-reflectivity mirror surface. 

Next, as shown in Fig. 1 8C, a plastic viewing substrate is molded. Here, a metal 
mold 306. or other suitable mold is machined to provide topology for a plastic viewing 
substrate 308. Like the plastic light storage plate, the viewing substrate is formed of 

30 polystyrene, polycarbonate, teflon, or other suitable plastic material with at least . 
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moderate transparency for the wavelengths of interest. The cast viewing substrate 
includes topology defining supports 40 for supporting a mechanical tap beam, and 
optionally a roughened central region 70 corresponding to the light coupling region for 
providing effective optical scattering as previously described. Line electrodes 3 1 0 of a 
5 suitable metal are then deposited on the cast viewing substrate; an optical absorbing 
layer, e.g., black paint or CrO is preferably deposited under the line electrodes or 
provided by the line electrodes themselves to reduce reflection of room light and 
emergence of stray light into a viewing volume adjacent the viewing substrate in 
operation. 

10 Preferably, either or both the plastic molded viewing substrate and light storage 

plate include a spacer line that forms an O-ring around their periphery for affixing the 
light storage plate to the viewing substrate later in the manufacturing sequence. As 
shown in Fig. 8, such an O-ring preferably is located at a point that accommodates both 
a large display area and regions at the periphery of the display for supporting electronics. 

15 A plastic mechanical tap beam sheet 312 is then obtained or produced of, e.g., 

polystyrene or polycarbonate to provide a flexible plastic support layer of, e.g., about 2- 
3 fim in thickness, on which an array of mechanical tap beams will be defined. The 
layer, suspended in, e.g., a suitable frame, is held under moderate tension. A central 
roughened region 32 is preferably provided to ensure effective optical scattering of light 

20 coupled into the tap beam in operation, as explained earlier. This roughed region can be 
produced using, e.g., a solution of 0.1-0.5 ^im polystyrene spheres like that discussed in 
the previous process. Here, the tap beam sheet is dipped into such a solution of spheres; 
upon removal of the sheet from the solution, the spheres are adherent to the sheet due to 
surface tension. If the solution is water-based, a hydrophobic layer can be deposited on 

25 the tap beam sheet in areas outside of the region to be roughened such that the spheres 
substantially adhere only to the desired central region. The sheet bearing a film of 
spheres is then heated to partially melt the spheres such that they fuse with the plastic 
film. Once fused, the spheres provide an excellent optical scattering surface. This is but 
one of many suitable techniques for roughening a region of the tap beam sheet and as 

30 will be recognized by those skilled in the art, many alternative processes can be 
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successfully employed, such as stamping, rolling, or etching processes. No particular 
process is required by the invention: whatever process is selected, it preferably provides 
an effective optical scattering mechanism. 

On the tap beam sheet surface opposite the scattering region, i.e.. on the lower 
5 surface 3 14 of the tap beam sheet 3 12, as shown in Figs. 1 8E and 1 8F. there is then 
provided an array of tap beam column electrodes 316. Silver, aluminum, copper, or 
other suitable conductor can be employed to form such electrodes using, e.g.. standard 
electroplating or vacuum deposition techniques. Preferably, the metal selected is about 
0.2 - 2.0 ^m-thick and is both flexible and in at least a minimal state of tension such that 
10 each tap beam defined by the column electrode is held flat and does not become limp. 

In some applications, it may be preferable to coat the column electrodes with a suitable 
dielectric layer such that in operation the electrodes do not short out with the lower 
electrode on the light storage plate. Such dielectric layer can be formed of. e.g.. a layer 
of oxide or a conformable plastic layer. 
15 Each beam column electrode defines the actuating electrode for the series of tap 

beams that are together defined in series by a singe column. Accordingly, each beam 
electrode column includes an aperture 3 1 8 at the location of each roughened optical 
scattering region situated on the other side of the sheet. These apertures correspond to 
the mesa contact areas at which the tap beams in a given column make contact to the 
20 light storage plate in operation. 

In combination with the column electrodes, each mechanical tap beam is 
individually defined on the sheet by way of slots 320 that preferably consist of e.g., 
punched or chemically etched holes of about, e.g., 50 jam in width located on the sides 
of each column electrode 3 1 6 in the region around each aperture 318. These slots 
25 permit the local area of the tap beam sheet supporting a given column electrode in the 
area of a given slot pair to vertically move in a substantially mechanically isolated 
manner, and thus be electrostatically actuated in isolation from other tap beams defined 
by the same column electrode. The slots can be produced by. e.g., a punching process, 
laser ablation process, lithography, or other suitable technique. This scheme is 
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particularly advantageous in that it produces an entire array of tap beams simultaneously 
and does so with relatively simple process techniques. 

Next in the manufacturing sequence, the light storage plate, viewing substrate, 
and tap beam sheet are aligned, as shown in Fig. 1 8G. such that the array of mesas on 
5 the light storage plate is aligned with the array of apertures on the tap beam sheet and 
the tap beam and viewing substrate line and column electrodes are aligned in the criss- 
cross pattern of Fig. 1 1 . The light storage plate and viewing substrate are then affixed 
together by way of the peripherally-located O-ring. The evacuation and sealing 
technique described in the previous manufacturing sequence is preferably followed here 

10 as well. A glue such as a UV-curable glue can also optionally be provided on, e.g., the 
tap beam sheet in the location of the storage plate spacers and viewing substrate 
supports to affix the three components together, but this additional step is not required. 

As with the previous manufacturing process described, the line and column 
electrodes preferably include electronics connections and accommodate support of 

15 electronics on the viewing substrate. At this point in the assembly, the electronics are 
affixed to the substrate and connected to the appropriate column and line electrodes. 
Then an optical source is connected to one or more edges of the display and an outer 
housing such as a plastic cover is positioned over the optical source and the electronics. 
With this assembly, a mechanical flat panel display is formed substantially entirely of 

20 plastic and assembled in an elegantly simple and inexpensive manufacturing procedure. 
An electret configuration, a three-electrode configuration or other actuation scheme, 
e.g., electrostatic/mechanical, can be employed. This process highlights the adaptability 
of the mechanical optical switch and display scheme to a wide variety of manufacturing 
techniques that are both less complicated and less expensive than conventional display 

25 manufacturing techniques. 

Indeed, the flexibility of the design and manufacturing process accommodates 
alternative geometries for the various supports and spacers of the plastic display. For 
example, as shown in the exploded schematic view of Fig. 19. the tap beam sheet 3 12 
can be molded to provide a tap beam mesa 314 and tap beam supports 316. In this case, 

30 the light storage plate 302 can be molded as a feature-less, flat piece. In addition to ease 
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of manufacture, such a light storage plate has few edges where internally reflected light 
might "leak out" of the plate. While Fig. 19 shows the viewing plate as including 
supports for spacing apart the tap beam sheet, such supports could additionally be 
molded into the tap beam sheet as well. This more complex tap beam sheet can be 
formed by embossing, rolling, stamping, molding, or other similar process for producing 
the mesa and support protrusions, as well as any stand-offs to suppress contact forces. 

Whatever manufacturing process is used, the mechanical tap configuration of the 
invention can be employed in a wide range of display architectures, as well as other 
optical switch-based applications. Television displays, table top computer displays, 
monitor displays, kiosks, equipment monitors, and the like all achieve superior design 
and performance with the invention due to the flat, compact configuration of the display 
and the low power dissipation achieved by the control scheme, among the many other 
features previously discussed. 

Aside from display applications, the mechanical tap configuration of the 
invention can also be used as an optical switch, for example, in applications such as 
optical relay or circuit breaker systems, two-dimensional digital optical computing, and 
other such optical switch applications. For example, the mechanical tap configuration 
can be employed to selectively radiate energy from an array of waveguides, whereby a 
single pole-multiple throw optical switch is produced. Optical multiplexing and opto- 
isolation schemes are accordingly enabled by the invention. As will be recognized by 
those skilled in the art, this is a short listing of the many switch and display schemes 
made possible by the mechanical tap configuration. 

From the foregoing, it is apparent that the optical mechanical tap switches and 
flat panel displays described above not only provide fast, efficient, and reliable optical 
switching and display, but do so with elegantly uncomplicated components and system 
configurations that significantly improve the attainable optical switch and display 
performance, while at the same time reducing manufacturing cost and complexity. It is 
recognized, of course, that those skilled in the art may make various modifications and 
additions to the preferred embodiments described above without departing from the 
spirit and scope of the present contribution to the art. Accordingly, it is to be 
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understood that the protection souyht to be afforded hereby should be deemed to extend 
to the subject matter of the daims and all equivalents thereof fairly within the scope of 
the invention. 

I claim: 
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CLAIMS 



1 1. An optical coupling switch comprising: 

2 a light storage plate having a. coupling surface, the light storage plate being 

3 adapted to internally reflect light injected into the plate; 

4 a light tap disposed proximal to the light storage plate coupling surface for 

5 coupling internally reflected light out of the light storage plate and into the light tap 

6 when the light tap is brought into contact with the light storage plate coupling surface, 

7 the light tap being capable of movement in a direction perpendicular to the light storage 

8 plate in response to an applied electrostatic force; and 

9 scattering means for scattering light in the light tap. 

1 2. The optical switch of claim 1 wherein the scattering means comprises a 

2 scattering surface. 

1 3. The optical switch of claim 2 wherein the scattering surface comprises a 

2 textured surface of the light tap. 

1 4. The optical switch of claim 3 wherein the light tap textured surface comprises 

2 surface asperities. 

1 5. The optical switch of claim 3 wherein the light tap textured surface comprises 

2 a surface grating. 

J 6. The optical switch of claim 1 wherein the scattering means comprises a 

2 scattering medium. 



BNSDOCJD: <WO 9731288A2J_> 



WO 97/31288 



PCT/US97/00369 



76 

1 7. The optical switch of claim 6 wherein the scattering medium comprises a 

2 fluorescent medium. 

1 8. The optical switch of claim 6 wherein the scattering medium comprises a 

2 luminescent medium. 

1 9. The optical switch of claim 6 wherein the scattering medium comprises a 

2 translucent medium. 

1 10. The optical switch of claim 1 wherein the light storage plate comprises at 

2 least one coupling mesa located on the coupling surface in correspondence with the light 

3 tap such that the light tap contacts at least one coupling mesa when brought into contact 

4 with light storage plate. 

1 11. The optical switch of claim 1 wherein the light tap comprises at least one 

2 light tap mesa located on the light tap in correspondence with the light storage plate 

3 coupling surface such that the coupling surface contacts at least one light tap mesa when 

4 the light tap is brought into contact with the light storage plate. 

1 12. The optical switch of claim 1 wherein the light tap is characterized by an 

2 internal mechanical restoring force that opposes applied electrostatic force, and wherein 

3 the light tap is mechanically biased in contact with the light storage plate by the 

4 mechanical restoring force and is moved out of contact with the light storage plate by an 

5 applied electrostatic force. 

1 13. The optical switch of claim 1 wherein the light tap is characterized by an 

2 internal mechanical restoring force that opposes applied electrostatic force, and wherein 

3 the light tap is mechanically biased out of contact with the light storage plate by the 

4 mechanical restoring force and is moved into contact with the light storage plate by an 

5 applied electrostatic force. 
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J 14. The optica) switch of claim 1 wherein the light tap is biased in contact with 

2 the light storage plate by an applied electrostatic force and is moved out of contact with 

3 the light storage plate by an applied electrostatic force. 

1 15. The optical switch of claim 1 further comprising a viewing plate disposed 

2 adjacent to the light tap. 

! 16. The optical switch of claim 3 wherein the textured scattering surface of the 

2 light tap comprises a reflective scattering surface for reflectively scattering light coupled 

3 into the light tap back through the light storage plate to emerge into a viewing volume 

4 adjacent to the light storage plate. 

1 17. The optical switch of claim 3 wherein the textured scattering surface of the 

2 light tap comprises a forward scattering surface for scattering light coupled into the light 

3 tap into a viewing volume adjacent to the light tap. 

1 18. The optical switch of claim 1 7 further comprising a viewing plate, disposed 

2 adjacent to the light tap. through which the forward scattered light emerges into the 

3 viewing volume. 

1 19. The optical switch of claim 18 wherein the viewing plate comprises a 

2 forward scattering surface for scattering light emerging through the viewing plate into 

3 the viewing volume. 

1 20. The optical switch of claim 1 wherein the light tap comprises a conducting 

2 electrode. 
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1 21. The optical switch of claim 20 further comprising a conducting electrode 

2 disposed on the light storage plate in proximity to the light tap conducting electrode for 

3 generating an electrostatic force. 

1 22. The optical switch of claim 1 8 wherein the light tap comprises a conducting 

2 electrode, and wherein the viewing plate comprises a conducting electrode disposed 

3 proximal to the light tap conducting electrode for generating an electrostatic force. 

1 23. The optical switch of claim 22 further comprising a conducting electrode 

2 disposed on the light storage plate proximal to the light tap conducting electrode for 

3 generating an electrostatic force. 

1 24. The optical switch of claim 20 further comprising an electret embedded in 

2 the light storage plate proximal to the light tap conducting electrode for generating an 

3 electrostatic force. 

1 25. The optical switch of claim 1 8 wherein the light tap comprises a conducting 

2 electrode, and wherein the viewing plate comprises an electret embedded in the viewing 

3 plate proximal to the light tap conducting electrode for generating an electrostatic force. 

1 26. The optical switch of claim 1 wherein the scattering means comprises a 

2 Lambertian scattering surface. 

1 27. The optical switch of claim 15 wherein the light tap is anchored to the 

2 viewing plate by at least one support located at a point on the tap that permits flexing of 

3 the tap, and wherein the viewing plate is secured to the light storage plate. 

1 28. The optical switch of claim 27 further comprising a light source located at a 

2 peripheral edge of the light storage plate. 
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1 29. The optical switch of claim 1 wherein the light storage plate is formed of a 

2 glassy material. 

1 30. The optical switch of claim 29 wherein the light storage plate is formed of 

2 quartz. 

.] 31. The optical switch of claim 1 wherein the light storage plate is formed of 

2 plastic. 

1 32. The optical switch of either of claims 12 or 13 wherein the light tap is 

2 formed of silicon nitride. 

1 33. The optical switch of claim 32 wherein the silicon nitride light tap is 

2 characterized as being in a state of internal tensile stress. 

1 34. The optical switch of claim 1 wherein the light tap is formed of plastic. 

1 35. The optical switch of claim 1 wherein the light tap is formed of a 

2 microelectronic material. 

1 36. The optical switch of claim 1 5 wherein the viewing plate is formed of 

2 plastic. 

1 37. The optical switch of claim 15 wherein the viewing plate is formed of a 

2 glassy material. 

1 38. The optical switch of claim 37 wherein the viewing plate is formed of 

2 quartz. 
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1 39. The optical switch of claim 1 wherein the light tap further comprises 

2 protrusions on a surface of the light tap facing the light storage plate, the protrusions 

3 permitting coupling of light into the light tap but suppressing contact forces between the 

4 light tap and the light storage plate. 

1 40. An optical display comprising: 

2 a light storage plate having a coupling surface and a back surface, the light 

3 storage plate being adapted to internally reflect light injected into the plate; 

4 an array of light taps disposed proximal to the light storage plate coupling 

5 surface for coupling internally reflected light out of the light storage plate into one or 

6 more light taps in the array when any of the one or more light taps are in contact with 

7 the light storage plate, each light tap being adapted to move in response to an applied 

8 electrostatic force in a direction perpendicular to the coupling surface and comprising a 

9 scattering surface for scattering coupled light; 

10 a light source disposed at an edge of the light storage plate for injecting light into 

1 1 the plate; and 

12 control circuitry connected to the array of light taps for applying an electrostatic 

13 force to selected one or more of the light taps in the array. 

1 41. The optical display of claim 40 wherein each light tap is characterized by an 

2 internal mechanical restoring force that opposes an applied electrostatic force, and 

3 wherein each light tap is mechanically biased in contact with the light storage plate by 

4 the mechanical restoring force and is moved out of contact with the light storage plate 

5 by an applied electrostatic force. 

1 42. The optical display of claim 40 wherein each light tap is biased in contact 

2 with the light storage plate by an applied electrostatic force and is moved out of contact 

3 with the light storage plate by an applied electrostatic force. 
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43. The optical display of claim 40 wherein the light storage plate comprises an 
array of coupling mesas on the front coupling surface, the coupling mesa array being 
located in correspondence with the light tap array such that each light tap contacts at 
least one coupling mesa when that light tap is in contact with the light storage plate. 

44. The optical display of claim 40 wherein each light tap comprises at least one 
coupling mesa located on the light tap in correspondence with the light storage plate 
coupling surface such that the coupling surface makes contact with at least one coupling 
mesa when the light tap is in contact with the light storage plate. 

45. The optical display of claim 40 further comprising a viewing piate disposed 
adjacent to the light tap array, and wherein the scattering surface of each light tap 
comprises a forward scattering surface for scattering light that is coupled into a given 
light tap through the viewing plate into a viewing volume adjacent to the viewing plate. 

46. The optical display of claim 40 wherein the light source is configured 
adjacent to an edge of the light storage plate such that light injected into the light storage 
plate undergoes total internal reflection. 

47. The optical display of claim 46 further comprising a second light source 
disposed at an edge of the light storage plate. 

48. The optical display of claim 40 further comprising a second light source 
disposed at a location on the back surface of the light storage plate. 

49. The optical display of claim 46 wherein the light source comprises means 
for producing at least two different colors of light. 

50. The optical display of claim 45 wherein each light tap in the light tap array 
comprises a conducting electrode, and wherein the viewing plate comprises an array of 
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3 electrodes disposed on the viewing plate in correspondence with the array of light tap 

4 electrodes for producing an electrostatic force. 

1 51 . The optical display of claim 50 wherein the control circuitry comprises line 

2 and column electrode drive circuits and a controller for applying an electrostatic force 

3 between selected one or more light tap and viewing plate electrodes in the array. 

1 52. The optical display of claim 40 wherein the array of light taps forms an array 

2 of pixels, each pixel designated by a set of n light taps corresponding to a number n of 

3 pixel bits, each of the n light taps in a given pixel being controlled by the control 

4 circuitry to together produce for a given pixel one of a number 2" of possible optical 

5 intensities. 

1 53. The optical display of claim 52 wherein each of the n light taps in a given 

2 pixel is adapted to make contact with a contact area of the light storage plate having one 

3 of a number n of possible contact area sizes for a given pixel. 

1 54. The optical display of claim 52 wherein the number n of pixel bits for a 

2 given pixel is the product of a temporal weight / equal to a number of possible durations 

3 of light injected into the light storage plate and an area weight w equal to a number of 

4 possible contact area sizes for a given pixel. 

1 55. An optical display comprising: 

2 a plastic light storage plate having a coupling surface, the light storage plate 

3 being characterized by a refractive index such that light injected into the plate is 

4 internally reflected; 

5 an array of light taps formed of a plastic layer disposed proximal to the light 

6 storage plate coupling surface for coupling internally reflected light out of the light 

7 storage plate into one or more of the light taps in the array, each light tap in the array 

8 free to individually move into contact with the light storage plate and being adapted to 
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9 move in response to an applied electrostatic force in a direction perpendicular to the 

10 coupling surface; 

1 1 a light source disposed at an edge of the light storage plate for injecting light into 

12 the plate; and 

13 control circuitry connected to the plastic sheet for applying an electrostatic force 

14 to selected one or more of the light taps in the array. 

1 56. The optical display of claim 55 wherein each light tap comprises scattering 

2 means for scattering light in the light tap. 

1 57. The optical display of claim 55 further comprising a plastic viewing plate 

2 disposed adjacent to the light tap array plastic sheet. 

1 58. The optical display of claim 57 wherein the plastic viewing plate comprises 

2 scattering means for scattering light emerging through the viewing plate into a viewing 

3 volume. 

1 59. The optical display of claim 56 wherein the array of light taps comprises an 

2 array of conducting column electrodes disposed on the plastic sheet. 

1 60. The optical display of claim 59 wherein the plastic viewing plate comprises 

2 an array of conducting line electrodes disposed on the viewing plate in correspondence 

3 with the column electrodes on the plastic sheet for producing an electrostatic force. 

3 61. The optical display of claim 59 wherein the plastic sheet comprises an array 

2 of slots bordering the column electrodes. 

1 62. The optical display of claim 55 wherein the plastic light storage plate 

2 comprises plastic spacer protrusions for holding the plastic sheet separated from the 

3 light storage plate. 
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1 63. The optical display of claim 57 wherein the plastic viewing plate comprises 

2 plastic support protrusions for holding the plastic sheet separated from the viewing 

3 plate. 
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